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Abstract 
 
Microdevice fabrication is done on the surface of polished flat semiconductor substrates with a 
series of material depositions, etches and lithography steps. These processes are inherently planar 
and well suited for the fabrication of billions of micrometer-thick transistors over 300 mm 
diameter substrates, but impractical for building vertically. This thesis presents a method of 
building three-dimensionally (3D) with existing planar fabrication technology: fabricate on a thin 
membrane, and then fold the membrane into a 3D structure. Material stresses patterned on a 
membrane will cause controlled bending. A simple demonstration is the bilayer, in which a 
stressed metal is deposited on a stress-free membrane. One challenge with this approach is to 
achieve very small fold radii for tight 3D packing. The solution presented here is helium ion 
implantation into the membrane, which creates a large localized stress that is capable of bending 
a 100 nm thick membrane around a 1 µm radius without fracturing it. The energy and dose of the 
helium ions control the direction and angle of the fold, which is explained within a theoretical 
framework, and shown to agree with experiment. One application of stress-folding is a chemical 
sensor. Built as a 3D micro-switch, the stress that develops in a reactive polymer bends the 
switch closed. Results show that it operates with negligible power consumption and selectively 
responds to a target analyte with more than a million-fold electrical resistance change. Other 
applications discussed include a 3D inductor and non-periodic artificial dielectrics made by 
membrane folding combined with new 3D optical patterning and magnetic self-alignment 
techniques. These practical advances open the way to designing a variety of 3D devices which 
may have broad applications in computing, communications and detection. 
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Foreword 
I came to MIT as an undergraduate brimming with scientific curiosity, not knowing how 
little I really knew. My affinity to the words used to describe the classes I would be taking drew 
me to electrical engineering. Holography. Solid state devices. Stochastic processes. After 
graduating, I really thought I knew just about everything there was to know in electrical 
engineering – although as before, I would discover that I really knew nothing. One of my 
favorite classes was “Nanometer fabrication technology,” and I decided to pursue research in this 
field in graduate school. I chose to work on the membrane folding project described in this 
thesis, which we nickname “Nanostructured OrigamiTM,” because it was a wild idea with a lot of 
potential for innovation that excited me. I dismissed (my adviser) Hank’s cautions that it would 
be 20 years before the technology matured with the rash self-confidence that I could do it in 1-2 
years. What I did not realize was how far outside the mainstream of science it was. Once I began 
working on the project I found that many thought it was somewhat kooky. Since I was starting 
from scratch, I had nothing to show for my ideas and results came slowly. Exposure to all of the 
other research going on around me was edifying, and I am still today learning about fascinating 
new research avenues within electrical engineering. I also saw that these other projects were 
getting exciting results while I was struggling. However, I enjoyed the challenges I was facing; I 
had high hopes for potential applications of the research; I always felt like the next breakthrough 
was right around the corner. That excitement kept me motivated, and although I did not have a 
good answer to those who asked “but what is this origami good for?” my instincts told me there 
would be plenty of applications. 
The opportunity to work on something that required so much creativity and innovation 
literally woke me up every morning. I discovered how much I enjoy designing experiments, 
sleuthing my way to an understanding of what is going on, and brainstorming new ideas. 
Another benefit of working on this project was that, as Hank liked to say, “everything you do is 
new.” Few other researchers were investigating membrane folding, and most of my experiments 
were indeed interesting enough to publish.  
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I have always had the attitude that I can achieve whatever I want as long as I make the effort 
to do it, regardless of the circumstances. Equally important is the understanding that whatever 
happens to me is my own fault. These philosophies helped me break through the many 
challenges associated with this research, leading to successes in both interesting scientific 
discoveries and practical engineering applications. 
I encourage graduate students who have a similar mental attitude and desire to work on 
radical technologies to do so. My experience was both educational and satisfying. Now that I 
have a PhD, I am finally smart enough to know that I still know nothing. That is why I remain 
fascinated by the world which is a logical puzzle waiting to be solved, and then exploited for our 
benefit. I look forward to a career in which I get to work on many more wild ideas. 
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Chapter 1  
Introduction 
Membranes are a unique state of matter. Their dimensions (width and thickness around 1 cm 
and 100 nm respectively) give them mechanical behavior quite different from bulk solids. One 
would expect such thin windows of glass or crystal to quickly break from vibrations or air flow, 
but they do not. In fact, they even withstand nearly all conventional microfabrication procedures 
including bubbling peroxide cleans, high-speed photoresist spinning, and reactive ion etching. 
They can withstand atmospheric pressure differentials and being dropped onto the floor. Thus, 
microdevice fabrication can be done directly on membranes (with minor modifications) and this 
is how most of the experiments in this thesis are done.  
Integrated-circuit microfabrication procedures all operate on the surface of polished flat 
substrates which can be as large as 300 mm inches diameter. Optical lithography can print a two-
dimensional (2D) pattern with 45 nm feature widths on such a substrate, but it only works if the 
substrate is flat to within about 100 nm. Material deposition and etching techniques are typically 
limited to thicknesses of micrometers. Fortunately, most electronic and optical devices such as 
transistors, diodes and even waveguides only need to be about one micrometer or thinner to 
function, so there has not been a strong need to build vertically and instead the focus has been on 
smaller 2D features over larger areas. Recently however, some devices have been designed that 
do require 3D fabrication. Examples include 3D photonic crystals [1], 3D flash memories [2], 3D 
on-chip inductors [3] and 3D micro-structured scaffolds for tissue engineering [4]. In many 
cases, these structures can be formed out of discrete thin layers, or membranes with devices 
patterned on their surfaces. Therefore, the method advocated in this thesis is to fabricate all the 
layers of a 3D device adjacent on a single membrane, and then fold that membrane into the 
desired 3D configuration: hence the name Nanostructured OrigamiTM. Compared with the 
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sequential layer-building approaches such as wafer-bonding and etchback [5, 6] or repeated 
material deposition and patterning [7], this method reduces the fabrication complexity in favor of 
requiring a membrane-folding technique. Out-of-plane folding also enables building volumetric 
(not just stacked layer) 3D geometries. 
The main challenge in developing the origami approach is how to produce controlled, small 
radius membrane folding, which I approach by creating localized stresses within the membrane. 
In-plane stresses can produce out-of-plane bending using the familiar principle of the bilayer 
thermostat, which bends due to the thermal expansion difference between two bonded materials. 
The physics of this principle are explained formally in Section 1.3 and generalized to arbitrary 
stress profiles within a thin membrane. One intuitive result is that increasing the magnitude of 
stress decreases the fold radius, so I sought to find the largest possible stressing phenomenon. 
Stress-formation approaches examined in this thesis include depositing material onto the 
membrane (Chapter 2), and modifying the membrane’s atomic composition through ion 
implantation (Chapters 3-4). In both cases, fold angles are controlled by the magnitude of the 
stress and the 3D stress distribution using the same governing equations.  
The effectiveness of a membrane folding technique can be assessed by the following metrics:  
First, the folding method must operate on membranes suitable for building devices on. This 
means that the membrane should be at least 20 nm thick to accommodate a transistor, but 
preferably thicker so that the folded structure is mechanically stable. The folding method should 
be compatible with membranes made from a wide range of materials (silicon, compound 
semiconductors, high-index dielectrics, etc.) to be compatible with any desired application. 
Second, the folding method should produce small fold radii of 1 µm or less to allow building 
compact micro-scale structures. Such structures include membranes folded 180o into face-to-face 
contact, with several segments folded either up or down. The fold angles should be accurate 
within ±1o over a full range of angles. 
Third, the folding should be self-assembling. After the membranes are patterned, they should 
fold automatically after a release or actuation step. A serial membrane folding process is 
undesirable because it is too slow and does not scale to mass manufacturing. 
Although many membrane-folding methods exist, they are not used to build 3D devices 
because they are not yet practical. In this thesis I explain their shortcomings and show how the 
method I developed of membrane folding by ion implantation is more effective. As a practical 
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application, I demonstrate a chemical sensor made in a 3D configuration that operates on the 
principle of stress-folding. The 3D design enables the sensor to operate as a switch. Prior to 
detecting the analyte it is an open circuit (consuming negligible power), and after detection the 
circuit shorts providing a large electrical resistance drop and avoiding the need for any threshold 
logic. 
1.1 Thesis Outline 
The thesis is organized in a sequence that builds up to the most interesting and significant 
results. Chapter 1 contains reference material and reviews the basics of membrane folding. 
Chapters 2-4 describe various membrane-folding methods (by material stress), each improving 
upon the previous. Chapter 2 explores how material deposited in a stressed-state onto a 
membrane can be used to produce 3D nanopatterned structures. The folding is actuated after the 
material deposition by a controlled undercut that releases the membrane from the substrate. 
Chapter 3 begins investigating ion implantation as a means to generate more stress within the 
membrane to produce smaller radius folds. For rapid experimentation, free-standing membranes 
are used which fold immediately when stressed. The results of these experiments led to the idea 
of implanting helium ions, covered in Chapter 4. Chapter 4 concludes the work on membrane 
folding by showing that helium-ion implantation is able to produce controlled, small-radius folds 
that satisfy the criteria for effective membrane folding. In addition, the experiments of Chapters 
2-4 are compared to physical models of the folding which provide fundamentally interesting 
insights about material stresses and mechanical behavior at the nanoscale. Fabrication details for 
on-membrane processing are described as they are used for each experiment. Chapters 5-6 
present several devices that benefit from a 3D architecture enabled by the folding methods of 
Chapters 2-4. These devices include a 3D micro-inductor, 3D structured dielectrics, and most 
notably a 3D micro-switch chemical sensor. Fabrication and test results are presented for the 
chemical sensor, showing that it provides a dynamic electrical resistance response (six-orders of 
magnitude) while being highly selective and sensitive to the desired target analyte. 
The most exciting research in this thesis is found in Chapter 4-6. If you are short on time, I 
recommend skipping ahead to these Chapters. 
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1.2 Literature Review of Membrane Folding Methods 
Self-assembling membrane-folding1 is done by creating a system with internal potential 
energy sufficient to fold the membranes once they are released. The energy can be stored by 
material stress, surface tension, magnetically, electrically or chemically, and many researchers 
have already investigated these approaches. This Section summarizes the prior work done on 
membrane folding along with the work described in this thesis for the purpose of providing 
background and clarifying the novelty of this research. 
1.2.1 Membrane Folding by Surface Tension 
Liquids in free space form spheres to minimize their surface energy; on flat surfaces they 
form drops. If the surface is a deformable membrane the drop will pull the membrane inwards to 
make itself more spherical until the increase in elastic energy from deformation exceeds the 
decrease in liquid surface energy. The effect can be enhanced by evaporation. This principle has 
been implemented in two different ways to fold membranes. 
In the first method [8], a flat membrane is cut into the desired shape and water is deposited 
on it. As the water evaporates and decreases in volume its surface tension pulls the edges of the 
membrane together. This method does not permit a full generality of 3D structures nor a stable 
final configuration because when the water fully evaporates the membranes unfold to their 
original state. Depositing tiny water drops on the membranes is not scalable to mass 
manufacture, and the fold radii are about 100 µm. 
In the second method [9], microfabrication techniques are used to pattern meltable pads 
between adjacent (but separate) membranes. When heated, the solid pad melts into liquid. The 
surface tension of the liquid pulls the membranes together and re-solidifies in the folded state 
upon cooling. Glass, solder and photoresist have been used as meltable pads and the size of the 
pad determines the fold angle. The best implementation was done with photoresist pads and 
polysilicon membranes [10]. Since the membranes are disjoint a fold radius is not well defined, 
but the spacing between the folded membranes was several microns. This method is 
manufacturable, controllable (accurate photoresist dimensions) and surprisingly robust (it is 
                                                 
1 I note that there are many 3D-membrane-assembly methods based on external potentials (mechanical, electric or 
magnetic) acting on the system, but these require intensive manual manipulation and are outside the scope of my 
thesis. Mechanical membrane stacking is another useful but non-self-assembling fabrication technique. 
 17
thermally stable up to 100 oC) but its main limitation is that the range of fold angles is severely 
restricted. The balled up photoresist impedes folding beyond about 130o and downward folds are 
not possible. Photoresist adhesion problems, membrane deformation, and difficulty of making 
electrical connections across the polymer between the separated membranes are other challenges. 
1.2.2 Magnetic Membrane Folding 
In magnetic self-assembly [11], magnets are placed onto an elastic membrane near enough to 
each other so that their fields strongly interact. When the membrane is released (by melting 
solder pads in [11]), the magnets pull the membrane into a 3D shape. This can only be used to 
create closed structures, not free-standing folds, and is limited to millimeter sized membranes 
because the magnets have to be of that size to generate sufficient attractive force. 
1.2.3 Chemical Membrane Folding 
Chemical based membrane folding creates strain by a chemical reaction in a material 
(typically a polymer) that causes it to swell or shrink while bonded to another inert material that 
does not change volume. The chemical reactions typically take place in solution, making it best 
suited to biological applications.  
An example implementation uses polypyrrole (electroactive polymer) on gold (chemically 
inert) [12]. These bilayer hinges are patterned to connect between adjacent Kapton membranes 
(inert polymer) to fold the membranes. The folding takes place in an electrolyte (salt) solution. 
Applying an electric potential between the solution and the gold backing on the polypyrrole 
forces ions to travel into or out of the film, causing it to swell or shrink. This folds the Kapton 
membranes. The minimum fold radii are about 100 µm, when the polymer to gold thickness ratio 
is about 2:1. Upward and downward folding is controlled by adjusting the voltage; however, 
maintaining the folded position requires that the voltage be left on. 
Another chemical implementation with polymers involves permanent chemical reactions. 
Typically polymers that react with fast-drying solvents are used, so that they fold up and the 
chemical solution dries up soon after. While the folded polymers are stable, they are also 
typically limited to about 100 µm fold radii, (due to the low elastic modulus and low stiffness of 
the polymer) with the additional disadvantage that polymers are usually not suitable substrates 
for building devices on. 
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1.2.4 Thermal Membrane Folding 
Polymers can also be shrunk thermally to create folds. In one implementation [13], V-shaped 
grooves are patterned into a membrane, filled with polymer, and heated to 400 oC. The polymer 
shrinks uniformly so the top of the V contracts further than the bottom causing it to fold up. This 
technique was used to fold thick (30 µm) plates with a 60 µm radius. It seems likely that it could 
be scaled down to 1 µm thick membranes (polymer filling and planarization is the primary 
challenge) with about a 2-3 µm radius. However, the fabrication of V-grooves is done by KOH 
etching crystal silicon and therefore can only fold upwards and only along the two crystal axes 
(with 1-0-0 silicon). The maximum fold angle of each V-groove is 35o; larger folds require 
several folds in series and the error is cumulative. Patterning connections over the V-groove 
polymers is also difficult. 
1.2.5 Membrane Folding by Intrinsic Material Stress 
Membrane folding by intrinsic material stresses is the most popular in the literature. A 
stressed material deposited onto a stress-free membrane forming a bilayer will fold out-of-plane. 
The first paper [14] (from 2000) shows that a bilayer of epitaxial InGaAs on GaAs curls up into a 
tube due to the lattice mismatch at the interface of the two layers. The magnitude of strain can be 
adjusted by varying the Indium fraction to control the diameter of the tube. Remarkably, tubes 
with a 2 nm diameter can be made using a bilayer consisting of one monolayer of each material2. 
The material strain in this tube is 7%. Unfortunately, few-nanometer-thick membranes are not 
useful for building devices and the technique scales up poorly because as the bilayer is made 
thicker (beyond about 15 nm) the strain relaxes via atomic dislocations. Nevertheless, 
researchers developed a fabrication process based on epitaxial growth and selective etching that 
allows them to connect 1 µm thick GaAs plates with 40 nm-thick GaAs/InGaAs strained hinges 
[16]. The released structures fold controllably with about a 4 µm minimum radius. Downward 
folds can be made by reversing the order of material growth or using alternate materials, but 
making both upwards and downwards folds on the same membrane requires two strain layers 
(forming a tri-layer) that are selectively etched. This was successfully implemented [17] but the 
additional strain layer increased the hinge thickness and lowered the total strain which increased 
                                                 
2 Rolled up semiconductor tubes are reported to have promise as nanotweezers, nanopipelines or nanotubes [1] but 
have not been used in any applications yet. 
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the fold radius to about 20 µm. This technique is best suited for applications that require epitaxy, 
otherwise the epitaxy is expensive and material restrictive. 
Instead of interface strain, material stresses in deposited metals can be used. The advantage 
of using a metal as the stressing layer is that it is simpler and cheaper to deposit, compatible with 
more membrane and substrate materials, and the stress does not arise from the crystal structure. 
The films are polycrystalline and their microstructure determines the stress. Any stress relief is 
caused by grain boundary dislocations (much higher energy than the atomic dislocations of 
lattice mismatch stress), which allows the metal films to be deposited hundreds of nanometers 
thick before significant stress relaxation occurs. Changing the chamber pressure and other 
parameters during deposition controls whether the metal deposits in tensile or compressive 
stress. 
In Chapter 2 I show that evaporated chromium can be used to locally fold silicon nitride 
membranes because of its intrinsic tensile stress from deposition. The folded portion of the 
membranes can extend up to millimeters long and have multiple folds in order to make 
mechanically stable 3D geometries. The minimum fold radius of the 200 nm-thick membranes is 
30 µm. Although this radius can be reduced by using a thinner membrane, it comes at the 
expense of structural integrity (mechanical strength scales cubically with membrane thickness). 
From a fabrication standpoint, this technique is extremely simple and well suited to applications 
that do not require a small fold radius, such as the 3D inductor presented in Section 6.2. 
Logeeswaran et al. [18] used (and referenced) this method to fold pre-patterned silicon nitride 
membranes into negative index meta-materials. 
1.2.6 Membrane Folding by Ion Implantation Stress 
Ion implantation is another means of creating stress. It is interesting because ion doses and 
implant depths are easily controlled, allowing accurate control over the magnitude and location 
of stress and potentially accurate control over fold angles. Ion implantation was first studied as a 
method of reducing or counterbalancing stress-related distortions in membranes. In one 
experiment, silicon ions were implanted at low energy (25 keV) at doses of 1015 ions/cm2 to form 
a shallow compressively stressed layer that counterbalanced the tensile stress in a large area 
membrane [19]. Argon ion milling was found to have a similar effect on silicon micro-mirrors 
even at the low energy of 500 eV [20]. High energy (>100 keV) implants of As, Ar and P at low 
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doses of 1014 ions/cm2 were also found to reduce stress in thin silicon nitride films [21]. In this 
case, damage caused by the ions as they penetrated through the membrane relieved intrinsic 
stress.  
Xia et al. [22] published the first investigation of ion implantation as a method of folding 
membranes, using a 30 keV Ga focused-ion-beam (FIB) to irradiate 50 nm-thick free-standing 
silicon nitride membranes. The authors demonstrated localized 1 µm radius folds on cantilevers, 
and formed a partial 3D cube by folding four adjacent cantilevers (Figure 1-1). They modeled the 
folding process as the ions creating a surface damaged layer of tensile stress, with the amount of 
stress proportional to the ion dose. Since their experiments were all done on free-standing 
membranes, the membranes folded up as they were irradiated. Once the membranes folded to 90o 
they blocked the ion beam and could not be folded further. 
 
Figure 1-1: A partial 3D corner cube folded by gallium ion irradiation, after [22]. The inset is a 
magnified view of the fold indicated by the white arrow. Notice how thin the silicon nitride is at 
the folded areas, it is almost invisible to the SEM. This is a result of gallium ion sputtering. 
 
I also investigated Ga FIB irradiation to fold silicon-nitride membranes and my work on this 
topic is presented in Chapter 3. In addition to folding free-standing cantilevers, I incorporate a 
release mechanism that allows the membranes to be implanted while held flat, and then released 
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to fold. This allows 180o folds (with a 400 nm radius) so that two membranes come into face-to-
face contact for very dense 3D packing. Although the smallest fold radius occurred with the 
largest ion doses, I discovered that this was not due to increasing stress but a consequence of the 
membrane being sputtered thinner, often to a thickness of less than 20 nm. Modeling the ion 
implantation and damage revealed that neither were the cause for the observed folding. Instead, 
the dominant stress occurs from the formation of a thin surface layer of tensile stressed gallium 
metal on the silicon nitride, exactly like the previously discussed stressed chromium bilayer. 
Therefore, using 30 keV gallium ions does not explore the effects of ion implantation (which 
produces compressive stress) for folding membranes. In addition, the sputtering that takes place 
during gallium ion irradiation weakens the membrane; in fact, large angle folds only occur when 
the membrane is sputtered to less than 50 nm thick. This can be seen both in Xia’s work (Figure 
1-1) and my work (Figure 3-7). 
Implanting a lighter ion avoids the sputtering problem and makes it possible to implant to a 
larger depth. I investigate membrane folding by implanting helium ions as described in Chapter 
4, and show that the resulting stresses are due to the 3D distribution of implanted ions, as 
opposed to a surface stress. The membranes can be folded either up or down by controlling the 
implant depth of the helium; shallow implants cause downward folding while deep implants 
cause upward folding. Even at high doses of 5x1018 ions/cm2, helium ions do not appreciably 
sputter the membrane. The resulting stress folds the membranes with a 1μm radius, 
corresponding to peak strains of over 5%. Remarkably, the silicon nitride does not fracture and 
the stress does not diffuse away (as intuitively expected of an inert gas). While my experiments 
were done with a helium FIB which took tens of minutes to implant each sample, ion 
implantation is mass manufacturable using a high-current implanter. In addition, it should be 
compatible with silicon or any other membrane material since it is not based on any specific 
properties of silicon nitride. Ion-implantation folding therefore satisfies my criteria for effective 
membrane folding and these experiments represent a significant advance in the field of 
membrane folding, and also increased understanding of stress formation by ion implantation. 
While the stopping, range, sputtering and damage of high-energy ions in matter is well 
understood [23], the stress that results from these processes is not. The majority of the literature 
shows that the stress is entirely due to the target damage caused by both nuclear and electronic 
stopping of the ions [21, 24, 25], while I show that it is related to the location and concentration 
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of implanted ions. The discrepancy is resolved when the ion dose used in the experiments is 
compared. Previous studies all investigated doses of 1016 ions/cm2 or less, whereas I examine 
doses as high as 5x1018 ions/cm2. At the low doses, researchers generally find that He 
implantation forms nanometer-sized voids in proportion to the damage profile of the ions. These 
voids fill with He like pressurized bubbles, causing compressive stress [24-26]. This theory is 
well supported by transmission electron microscopy examination of implanted samples, in which 
the voids can clearly be seen. On the other hand, my experiments with He implantation support 
the theory that the stress is related to the concentration of implanted ions. Reconciliation of these 
two theories is discussed in more detail in Section 4.2. 
1.3 Review of Mechanical Folding Theory 
A model of stressed bilayer (or multilayer) folding can be found in most mechanics 
textbooks. The underlying theory is simple; the intrinsic material strains and the radial bending 
strain must balance in terms of both net force (F) and moment (M), because the  folded structure 
is in static equilibrium. This is formally expressed by  
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where the integration is over the membrane’s total thickness and σ is biaxial stress. σ is the 
sum of the intrinsic material stress iσ  and bending stress, 
 ( ) ( ) ( )iy y E y k y aσ σ= − ⋅ ⋅ − , (1.3) 
where E is plate modulus (stiffness), k is curvature of bending, and a is the location of the 
neutral axis (zero strain). For the case of the bilayer, if the film thicknesses, elastic moduli and 
stresses are known there is an analytic solution for the fold radius, ρ, 
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where the subscripts 1 and 2 refer to the membrane layer and stress layer respectively [27] 
and E is plate stiffness, t is material thickness. This equation accurately models the experimental 
work in Chapter 2. For the case of ion implantation in Chapters 3-4, it does not apply because 
there is a continuous stress gradient rather than discrete regions of constant stress. Therefore, to 
model the ion implantation folding I solve Eqs. 1.1-1.3 numerically for each stress profile. 
1.4 Review of Membrane Folding Applications 
While many membrane folding methods exist, none have found commercial applications. 
Many authors speculate that their folding method will find applications but have not 
demonstrated them. In the literature, only a few folded membrane devices have been built: 
micro-ants [13], micro-mirrors [28] and biological cell traps [12]. The micro-ant is a 2x4 mm 
substrate with long folded polymer legs. Electrical heaters are built into the polymer legs so that 
their fold angle can be changed. Heating the legs in the appropriate sequence causes the device to 
walk at a speed of centimeters per minute. Micro-mirrors are made by coating flat cantilevers 
with a reflective metal and folding them to a 45o angle from the substrate. Using resistive heaters 
their fold angle is varied within ±10o at speeds in the kHz range. The biological cell trap is made 
with electroactive polymers designed for use in salt solutions. The trap is a box with a lid that 
folds over to close it when a voltage is applied. Smela [12] has succeeded in trapping cells but 
has not yet been able to functionalize the folded lid with sensors. All three of these devices suffer 
from ineffective membrane folding: the micro-ant has folds that are too large, the micro-mirrors 
are folded with material stress from expensive molecular-beam epitaxy, and the cell traps are 
made with polymers too difficult to fabricate sensors on. The existing membrane folding 
technology is not yet practical enough to design and build devices. Consequently, people are not 
thinking about designing 3D devices. The solution I present is folding by ion implantation 
(discussed in Chapter 4) which offers small-radius folding that is compatible with any material 
system. The method is fully developed and allows one to realistically design 3D devices. For 
example, knowing that I could make accurate folds in both directions at different locations on a 
single membrane allowed me to design the 3D inductor described in Section 6.2. Because the 
fabrication method is so similar to origami, I actually designed the inductor by making cuts and 
folds on paper (the inductor schematic in Figure 6-16 is a cardboard model). Another example is 
my design of the chemical sensor in Section 5.1. Since I had already experimentally 
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demonstrated folding a membrane 180o onto itself, that configuration was fresh in my mind and I 
realized it would make a good micro-switch chemical sensor. The resulting sensor successfully 
integrates an organic polymer with micro-electronics and membrane folding. These practical 
advances pave the way for future applications based on 3D membrane folding technology.  
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Chapter 2  
Stressed Metal Bilayer Folding 
The principle of stressed metal bilayer folding is identical to that of a thermal circuit breaker, 
which is a bimetallic strip that bends as it heats up. In general, a plane-stress mismatch between 
two bonded thin films causes them to bend. Here, the bilayer consists of silicon nitride (nearly 
stress-free) and evaporated chromium (initially in tensile stress). Silicon nitride, in thicknesses of 
up to 1000 nm is conveniently deposited at MIT onto silicon substrates. Evaporating chromium 
metal onto the nitride forms a bilayer that will bend out of plane upon release from the silicon 
substrate as shown in Figure 2-1. This folding method essentially stores potential energy in the 
form of material stress. When the membrane is released from the substrate it curls as some of this 
energy is transformed from material stress into bending stress. In principle this folding method 
should work with any membrane material, perhaps the most practical being silicon membranes 
made on a silicon-on-insulator substrate. Prior to being folded, while the membranes are still flat 
on the substrate, they can be nanopatterned with the desired functionality. In Figure 2-2, a 
200 nm pitch grating is etched 80 nm deep into the silicon nitride and then folded to demonstrate 
the positioning of a grating in 3D. 
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Figure 2-1: Silicon nitride membranes, folded by strips of stressed chromium. The deep trenches 
are a result of the KOH release etch. (a) Four equal folds adding up to 180o. (b) A single 180o 
fold. (c) A partially folded corner-cube. (d) A cantilever with etched gratings, folded in four 
places to about 90o. The fold angles are controlled by the width of the chromium strips. 
 
 
          (a)               (b) 
Figure 2-2: (a) A silicon nitride cantilever folded with three identical hinges (each 63 µm long) 
to form a triangle. The length of each segment is 263 µm; the circular regions are patterned with 
a 200 nm period grating. The fold radius is 32 µm. (b) A cantilever folded to 45o (measured in a 
scanning-electron-microscope (SEM) by rotating the sample parallel to the electron beam). It is 
also patterned with a grating, and the fold angle is 34 µm. 
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The fold radius of these structures is minimized using Eq. 1.4, in which all of the variables 
are fixed except chromium thickness, t2. The optimal thickness is 
                                                     (2.1) 
where  
                                
For these experiments, t1 = 200 nm (silicon nitride thickness), E1 = 300 GPa (silicon nitride 
modulus) and E2 = 140 GPa (Cr modulus), resulting in an optimized chromium thickness of 
120 nm. The chromium stress is approximately 1.2 GPa (although there is some variation), and 
Eq. 1.4 predicts that a bilayer with these parameters should fold to a 35 µm radius. This agrees 
well with experiment; the fold radii in Figures 2-1 and 2-2 range from 32-36 µm.  
Substituting t2opt of Eq. 2.1 into Eq. 1.4 as t2 shows that the minimum obtainable fold radius 
is linearly proportional to t1. This is surprising because the stiffness of the cantilever is 
proportional to its thickness cubed, and also unfortunate because it means that in order to achieve 
a sub-micron radius the cantilever thickness would need to be scaled down to about 10 nm thick. 
At that thickness, a cantilever is impractically fragile; its stiffness is reduced by a factor of 
roughly 104. 
2.1 Fabrication Details 
The results pictured in Figure 2-2 were made as follows. Silicon nitride (Si1.0N1.1) was 
deposited on both sides of a 1-0-0 silicon wafer at a thickness of 200 nm by low-pressure 
chemical-vapor deposited (LPCVD). A 1 µm thick layer of photoresist was patterned by contact 
lithography to define the cantilever borders. The photoresist was used as an etch mask for a CF4 
plasma etch through the 200 nm of silicon nitride, and then stripped in an O2 plasma. A tri-layer 
of anti-reflection coating (ARC), evaporated SiO2, and negative photoresist was spun on and 
patterned with interference lithography using a 325 nm wavelength laser and Lloyd’s mirror 
configuration. Before development, aligned contact lithography was done to further expose 
everything except for small rectangular or circular areas on some of the cantilever faces. After 
development, the gratings remained only in those small areas and were transferred into the SiO2 
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with a CF4 plasma, through the ARC with an O2 plasma, and then half-way into the silicon 
nitride with a CF4 plasma. This tri-layer was stripped and cleaned with a piranha clean (3:1, 
H2SO4:H2O2, 80 oC) and organic clean (5:1:1, H2O: H2O2:NH4OH, 80 oC). The cleaning is 
critical to ensure good adhesion between the chromium and silicon nitride. Poor adhesion will 
result in the chromium delaminating and not folding the membrane. Another photoresist layer 
was patterned to define the fold areas (hinges), followed by a short O2 plasma etch to ensure that 
the developed area was free of polymer. Next, 120 nm of chromium was evaporated as described 
in Section 2.1 and patterned by liftoff in a hot acetone bath. There was about 5 µm misalignment 
in the location of the hinges on the cantilevers due to poor quality contact alignment equipment. 
However, this did not significantly affect the results. The cantilevers were released in a 70 oC, 
20% KOH etch bath for about 4 hours, rinsed in de-ionized H2O for 15 minutes, isopropanol for 
15 minutes, and air dried. The release etch self-terminates after forming an inverse-pyramid 
trench below the cantilever as indicated in Figure 2-1d. KOH also does not appreciably etch or 
attack the silicon nitride or chromium, preserving the 100 nm wide grating lines and stress within 
the chromium. More specific details regarding the fabrication and origin of chromium stress can 
be found in my master’s thesis [29]. 
2.1.1 Yield 
The yield was low overall, mainly due to the air drying step. Cantilevers that were folded to 
angles between 20o-90o had 90% yield, while cantilevers folded to <20o had 50% yield and those 
folded to >120o had 5% yield. Longer cantilevers generally had lower yield than shorter ones. 
This is due to surface tension and stiction forces. The cantilevers that were closest to another 
surface, i.e. the etch trench or the substrate surface, were pulled down to that surface by drying 
drops of isopropanol. Once enough surface area contacted, it remained in stiction as shown in 
Figure 2-3a. I tried to circumvent this problem by drying the cantilevers inside a supercritical 
chamber. After the isopropanol rinse, the isopropanol was replaced with liquid CO2 at high 
pressure inside the chamber. The pressure and temperature were adjusted until the supercritical 
point was reached where there is no liquid surface tension. Unfortunately this did not improve 
the yield and contaminated the samples with a filmy residue (for unknown reasons), shown in 
Figure 2-3b. 
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            (a)       (b)             (c) 
Figure 2-3: (a) A silicon nitride cantilever is stuck in its etch trench where it was pulled down by 
liquid surface-tension forces during drying. Although the etch trenches are undesirable, their 
depth improved the yield. (b) Even though this cantilever folded properly, it is covered in a filmy 
residue from the supercritical drying. (c) This wide and long hinge cracked along the KOH 
underetch direction during the release. The middle portion was still attached while the outer 
edges were released and folding up, leading to a stress fracture. 
 
Another problem was devices fracturing during the release step. The anisotropic KOH etch 
undercuts the membranes from the corners inwards. The hinges are undercut from an angle, 
allowing the outer edges to begin folding before the center. If there is sufficient stress along the 
undercut boundary, it can crack the silicon nitride as shown in Figure 2-3c. A final problem was 
cantilevers that were completely torn off of the substrate due to fluid forces from the wet release. 
2.1.2 Alternate Release Processes  
I experimented with SiO2 as a sacrificial material underneath the silicon nitride and HF as a 
release etch. The purpose was to avoid etching the large trenches into the silicon substrate, to 
have an isotropic etch, and to define non-rectangular release areas. The fabrication sequence 
started with a 100 nm thermal oxidation of the silicon, which was patterned into release islands 
by photolithography and HF etching. The photoresist was stripped and silicon nitride (200 nm) 
was deposited by LPCVD. The silicon nitride and chromium were patterned as described in 
Section 2.1. The release was done by immersing the sample in HF. The undercut rate was very 
slow, about 1 µm/min. Neither 49% HF nor buffered-oxide-etch had enough selectivity to release 
a 50x50 μm2 membrane area without completely etching away the silicon nitride membrane. The 
required selectivity to release such a membrane (and etch it < 50 nm) is 1000:1, and the 
selectivity of HF between silicon nitride and SiO2 is only 100:1. I stopped the release early to 
observe it while the membranes were still there (shown in Figure 2-4). As evident in the Figure, 
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bubbling from the HF-SiO2 reaction was another problem. While it is a good sign that the 
membrane has folded up on both the left and right sides, this release process is likely to have 
severe stiction problems because of how close the membrane and substrate are during the 
release. 
 
Figure 2-4: An overhead microscope image of a structure after 30 min of an HF release etch. On 
this membrane, the chromium is pattered in triangles on the left and right, and a rectangle on the 
bottom. The etch progressed from the left, top and right edges inwards isotropically, up to the 
area labeled “not released yet.” The chromium on the left and right is folded up out of focus.  
 
To avoid the long etch, I fabricated silicon nitride on silicon dioxide membrane windows by 
etching the bulk silicon from the backside (in tetramethylammonium hydroxide), stopping the 
etch on the silicon dioxide layer (1000 nm thick, thermal oxide). Now the membrane could be 
released quickly by an HF etch. I was able to form the membrane windows, but the intrinsic 
compressive stress in the thermal SiO2 buckled the windows so much that when I etched 
cantilevers into the silicon nitride, they cracked in many places (shown in Figure 2-5). 
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Figure 2-5: An overhead microscope image of an LPCVD stress-free silicon nitride on thermal 
SiO2 membrane window, formed by etching the silicon from underneath. The window is 
buckling because of the compressive stress in the SiO2. Rows of cantilevers patterned and etched 
into the nitride are cracked because of the stress. 
  
 The host of problems associated with material etch-selectivity and stiction from wet release-
etching necessitated the development of a robust dry release process, which I developed 
concurrently while exploring membrane folding methods. Section 3.1.2 describes a dry oxygen 
plasma release using a polymer sacrificial layer, and Section 4.3.4 describes an even better dual 
sacrificial layer (SiO2 and polymer) process. 
2.2 Chromium Stress Variation 
The fold angle of a stressed bilayer is l ρ , where l is the length of the hinge and ρ is the fold 
radius (calculated by Eq. 1.4). Since ρ depends on the stress and thickness of the chromium film, 
unless both parameters are monitored in-situ during the deposition, the fold angle will vary with 
inaccuracy in either. In the MIT Nanostructures Lab, we have a crystal for in-situ thickness 
measurements but not stress measurements, so I measured the stress of several separate 
evaporations after they were completed to determine the variation. During each evaporation, the 
nominal chamber pressure was 3x10-5 Pa and the deposition rate was 0.5 nm/s, without substrate 
cooling. Chromium was evaporated onto 100 mm double-side-polished silicon substrates with 
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200 nm thick LPCVD silicon nitride for consistency with the folding experiments. The stress 
was calculated from measurements of the surface profile of the substrate both before and after 
the deposition, using the method presented in [30], and briefly described below. The substrate 
profiles were measured with a Shack-Hartmann wavefront metrology tool and fitted to the first 
four orders of Zernicke polynomials. Substrate deformation was calculated by subtracting the 
before and after polynomial coefficients. The only coefficient that changed significantly was Z21 
which corresponds to a spherical deformation arising from plane stress, as expected from a thin 
film deposition. From this, the stress is calculated by 2 221 1 2( ) (3 )Z E t t rσ = Δ ⋅ ⋅  where E, t1 and r 
are the plate modulus (180 GPa), thickness (500 µm) and radius (50 mm) of the silicon substrate, 
and t2 is the chromium film thickness. Seven evaporations were done with varying chromium 
thicknesses; the data is presented in Figure 2-6 and compared to other previously reported stress 
data [31]. My measurements agree with the overall trend that the stress decreases with film 
thickness and also show an 8.3% variance between separate evaporations. Most likely, slight 
variations in chamber pressure and deposition rate during the evaporation (which were 
impossible to control on the evaporator) altered the film growth. The stress depends on the 
microstructure of the chromium and can vary depending on grain size and separation. Post-
deposition processing also affects the film stress. KOH etching did not change the stress, but O2 
plasma (10 min, 200 W, 45 Pa) increased the stress by approximately 50%, presumably due to 
chromium oxide formation. 
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Figure 2-6: Each X represents a measurement of chromium stress taken as described in the text. 
The solid line is a set of data points taken in-situ from a single evaporation done elsewhere [31]. 
 
I also analyzed the variation in stress within a single 100 mm wafer by measuring the fold 
radii of 32 cantilevers from across the wafer. They were all nominally folded to angles of 
between 15o and 60o; the fold angles and chromium strip lengths were measured in the SEM and 
used to calculate the radii. The variance in this case was 8.2%. Given the large variation both 
intra- and inter-wafer, fold angles are likely to be inaccurate by about ±5%. In addition, due to 
thermal coefficient of expansion mismatch, a 20o temperature change will change the fold angle 
by about 5%. 
2.3 Reducing the Fold Radius 
The fold radius of the stressed bilayer is predicted by Eq. 1.4. For a given membrane 
thickness (200 nm in experiment) and material elastic moduli, the radius can be minimized as a 
function of the stress layer thickness according to Eq. 2.1. The minimization gets slightly more 
complicated when accounting for the fact that the amount of chromium stress is also a function 
of the chromium thickness (see Figure 2-6), closely approximated by 0.2724.7 tσ −= ⋅  (σ and t2 
units are GPa and nm).  
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One advantage of working near the minimum is that the radius is very insensitive to error in 
chromium thickness, varying < 1% for thickness errors up to 15%. However, the radius is still 
sensitive to variation in the amount of stress. The range of stress values I observed in 120 nm 
thick chromium (see Figure 2-6) corresponds to a range in radius of 32-39 µm. In experiment, 
the radii ranged from 32-36 µm.  
 
Figure 2-7: Fold radius as computed by Eq. 1.4 is plotted against stress layer thickness for 
different materials. The plate modulus and intrinsic stress are listed next to each material in units 
of GPa. The silicon nitride membrane is 200 nm thick with a plate modulus of 326 GPa.  
 
As described earlier, using a thinner cantilever is not a practical method to reduce the fold 
radius. Instead, I investigated using different materials to generate more stress. Figure 2-7 plots 
the fold radius as a function of stress layer thickness for three stressing materials. Initially, I 
thought tungsten would make a better stress-layer because it can be deposited by evaporation 
with twice as much stress as chromium. However, the minimum obtainable radius with tungsten 
is larger than with chromium. This is because tungsten is stiffer, and strains less than the 
chromium in the elastic model where 'Eσ ε=  (Hooke’s law). The key to a small radius is a 
large strain, not necessarily stress. The largest straining material I found was polyimide, a 
polymer that can shrink up to 40% when heated due to cross-linking of its molecular chains. Its 
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plate modulus is 3 GPa, and the resultant stress by Hooke’s law is 1.2 GPa. As shown in Figure 
2-7, a 650 nm thick polyimide layer under 1.2 GPa of stress should have a 2μm radius. The 
polyimide achieves its minimum radius at a much greater thickness than chromium or tungsten 
because it is so compliant. The extra thickness produces more bending force. (The ideal stress 
layer material would have both a large strain and a large plate modulus.)  
I experimentally tested this idea with HD MicroSystems PI-2737 polyimide. This polyimide 
is directly photo-patternable which makes defining hinges easy. I measured the film thickness of 
the polyimide before and after heating it to 400 oC to confirm that it shrinks by 40%. To quickly 
verify that it would curl the silicon nitride, I spun a layer of polyimide onto a membrane window 
(fixed at all edges), broke the window and then heated it. The shards of the window still attached 
to the edges curled as shown in Figure 2-8a-b. It was difficult to accurately measure the fold 
radius because the shards curled around itself several times over, but the inner-most fold has 
approximately a 20 µm radius. I also noticed that heating the polyimide to 200 oC or 400 oC made 
no difference in the fold radius, even though the polyimide does not fully cross-link until 400 oC. 
 I continued to test this folding method by patterning the polyimide into hinges on 
cantilevers. A KOH etch-trench release was not possible because the KOH etches polymers, so I 
used a dry HF vapor release etch instead. Like the wet HF etch described in Section 2.1.1, this 
etch is incompatible with silicon nitride. Instead, I made the membrane layer with LPCVD 
polysilicon and patterned it into cantilevers on top of a thin SiO2 release layer. Then I patterned 
the polyimide into strips a few microns wide across the polysilicon cantilevers and released the 
structures with the HF vapor etch. The HF did not attack either the polysilicon or the polyimide. 
Next, I heated the entire substrate full of released cantilevers to 400 oC, to cross-link the 
polyimide. The cantilevers did not fold however, and a typical result is shown in Figure 2-8c. 
The reason why they did not fold and the reason why I did not observe the predicted 2 µm radius 
in my initial experiments with polyimide is because polyimide deforms mostly plastically instead 
of elastically. It shrinks without creating much stress because its long molecular chains can 
easily rearrange. On the other hand, when the atoms of evaporated chromium are deposited in 
tensile stress the only plastic stress relief mechanism is grain boundary annihilation or diffusion, 
which are both high energy processes compared to polymer chain rearrangements. Thus, 
evaporated chromium is stressed below its plastic deformation yield point and can be accurately 
modeled elastically. My fold radius model assumes that the strain is elastic, which is why it 
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predicts too small a radius for the mostly plastic straining polyimide when I assume that the 
entire 40% strain is elastic. The actual plastic yield stress for polyimide is about 100 MPa, which 
is the value that should be used in the model instead of 1.2 GPa. Then, the model predicts a 
24 µm radius. Even though the polyimide might produce a slightly smaller radius than the 
chromium, it is less fabrication compatible and not a good solution. 
 
 (a) (b) (c) 
Figure 2-8: (a) A fragment of a silicon nitride membrane window coated with polyimide, before 
heating. (b) The same fragment after heating to 400 oC. The bilayer is curled up around itself 
many times with an innermost radius of about 20 µm. (c) A polysilicon cantilever with a 
polyimide hinge (poorly aligned). The hinge is not visibly folded because it is only 6 µm wide 
and the radius is much larger (I had expected the fold radius to be much smaller as discussed in 
the text). The cantilever is curved because there is an intrinsic stress gradient in the polysilicon. 
The MIT polysilicon furnace is not as stable as the silicon nitride furnace, so unfortunately I 
could not use polysilicon membranes. 
 
2.4 Conclusion 
In this initial investigation of membrane folding, I demonstrated that membranes could be 
nanopatterned and folded. Silicon nitride is an excellent membrane material for experimentation 
because it can be deposited stress-free and etched into a membrane by a self-terminating KOH or 
tetramethylammonium hydroxide etch. With some optimization of the deposition process, 
polysilicon can also probably be deposited stress-free. Bulk etching silicon to release membranes 
and form membrane windows is an easy release for experimental results but a gas release etch is 
necessary for high yield. Evaporated chromium is simple to work with and suitable for creating 
large radius folds, about 30 µm and larger (depending on the bilayer thickness) but hard to 
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control accurately due to variation in the stress from deposition. In the next two chapters, I 
discuss ways to reduce the fold radius and fold both up and down.   
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Chapter 3  
Gallium Ion Irradiation Folding 
Ion implantation is an appealing strategy for stressing membranes because the ion energy and 
ion dose can be precisely controlled, likewise the resulting stress. Also, it is intuitive that 
increasing the ion concentration should increase the stress, akin to pumping up a tire by filling it 
with more gas molecules. Several researchers have already measured the stresses produced by 
ion implantation with various ions and energies but all at low doses [19, 21, 32-34]. The most 
likely reason why they all experimented with low doses (< 1016 ions/cm2) is because it is too 
time consuming and expensive to implant high doses with a conventional bulk implanter. This 
was also the case with my experiments; a 1017 ions/cm2 boron implant would have taken 
60 hours and cost thousands of dollars. The way to get around this obstacle is to use a focused 
ion beam (FIB), since only small areas on micro-cantilevers need to be implanted in order to 
conduct experiments. The most commonly available FIB is Ga+ at 30 keV, which is what I first 
experimented with and discuss in this chapter. These FIBs are used commercially for photomask 
repair (localized etching and deposition) and are optimized for sputtering. This chapter is titled 
“ion irradiation” instead of “ion implantation” because I conclude that at 30keV, the Ga 
implantation range is so short (20 nm) that it cannot be studied. The membrane folding I observe 
is more likely due to a combination of severe sputter etching and the formation of a surface 
gallium metal layer in tensile stress. Chapter 4 discusses the effects of He+ ion implantation in 
which the sputtering is negligible and the implantation depth range is on the order of the 
cantilever thickness. 
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3.1 Experiment 
3.1.1 Free-Standing Cantilever Irradiation 
In this Chapter, I switch to working with free-standing cantilevers because they allow rapid 
experimentation and analysis since they fold immediately upon irradiation. The cantilevers are 
made by first forming a silicon nitride membrane through backside tetramethylammonium 
hydroxide etching, then patterning the membrane with contact lithography, etching it with a CF4 
reactive-ion etch (RIE), cleaning in O2 plasma and sputter-coating a 3 nm gold layer to prevent 
charging. I irradiated the cantilevers with an FEI Dualbeam 235, which has a 30 keV Ga ion 
column normal to the sample stage and an electron column at a 52o angle. This allowed me to 
implant the cantilevers at normal incidence, and then image them from a tilted viewpoint with 
the SEM so I could measure what angle they folded to without having to adjust the sample stage. 
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Figure 3-1: A set of cantilevers implanted in identical areas but with increasing ion doses. The 
etch depths were calculated based on the dose and from a separately measured sputter rate of 
silicon nitride. The initial curvature of the cantilevers, due to an excessively thick 15 nm gold 
layer, is subtracted from the listed fold angles. 
 
I first investigated the relationship between ion dose and fold angle by implanting a set of 
cantilevers with different doses. An example set of results is shown in Figure 3-1. I repeated this 
experiment several times with cantilevers on the same membrane and found that the fold angles 
were consistent to within a few degrees. Several interesting observations can be made from 
Figure 3-1. The lowest dose creates a slight initial fold, but then increasing the dose does not 
substantially fold the cantilever until the cantilever starts bending sharply at much higher doses. 
At the point where the cantilever is folded to 75o, it is only about 50 nm thick due to the 
sputtering. Figure 3-2 shows the same experiment repeated with higher doses. Once the 
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cantilevers fold to 90o, at a dose of 37x1016 ions/cm2, they block the normally incident Ga ions 
and prevent the folding from being further studied. 
 
Figure 3-2: A set of cantilevers implanted in identical areas but with doses of (bottom to top): 15, 
30, 45, and 60 x1016 ions/cm2. When the fold angle exceeds 90o, the cantilever blocks the ion 
beam and stops the folding. Larger doses of 1018 ions/cm2 begin to deform the top of the 
cantilever. This technique can be used to create very accurate angled folds by tilting the sample 
relative to the ion beam. 
 
Next I did an experiment in which I varied the width of the irradiated areas but kept the area 
doses the same. In this case, no matter how nonlinear the dose vs stress function is, the 
cantilevers with twice the implant width should fold to twice the angle. This is what I observed, 
shown in Figure 3-3. 
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Figure 3-3: The cantilevers have been irradiated with identical doses of 2x1017 ions/cm2 but 
different widths. It is not visually obvious that the fold angles are proportional to the widths 
since there is some initial curvature to the cantilevers and the image is taken at 52o from the 
normal. From bottom to top, the widths are 2, 4, 6, and 8 µm and the fold angles (minus initial 
curvature) are 13, 22, 36 49o.  
 
The above experimental dose vs fold angle data is analyzed in Section 3.2. It is possible to 
create >90o folds, and even negative angle folds with free-standing cantilever irradiation by 
redesigning the cantilever structure. The method is shown in Figure 3-4 along with an 
experimental demonstration of a 180o fold. While this technique may have uses, it enlarges the 
overall size of the cantilevers, weakens them, and severely complicates multi-fold geometries. 
 
Figure 3-4: A sequence of images showing how an appropriately designed multi-segment 
cantilever can be folded to beyond 180o while freestanding.  
3.1.2 Fixed-Cantilever Irradiation 
Fixed-cantilevers are held flat so that they do not immediately fold during ion irradiation. 
Afterwards, they are released to fold. The purpose of experimenting with a fixed-cantilever is to 
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avoid the problem of being limited to 90o folds and to see if there is any difference between the 
free-standing case. Free-standing cantilevers can be folded by both plastic and elastic strain, 
whereas fixed-cantilevers can only be folded by elastic strain. If the fold angles for the two cases 
are similar, it implies that the ion irradiation is generating elastic stress and my model is correct.  
Common sacrificial materials used as release layers in MEMS include silicon dioxide, 
photoresist or other polymers, and certain metals. Since the release layer is beneath the silicon 
nitride membrane, it cannot have too much internal stress. This rules out thick metal films. I used 
a photoresist (polymer) sacrificial layer because it is simple to deposit and can be removed in an 
oxygen plasma, avoiding the wet release etch problems of Section 2.1.1. 
The process was to first form the silicon nitride membranes, then pattern cantilever shapes 
onto the top surface in a thin metal hard mask (15 nm nickel). Next I spun a 100 nm thick 
photoresist coating onto the backside of the membranes as the sacrificial layer. I used a CF4 RIE 
to etch the silicon nitride into cantilevers from the top, stopping partway into the photoresist. I 
removed the metal hardmask with nitric acid. The cantilevers were implanted as before, but this 
time they remained flat after implantation (see Figure 3-5).  
 
Figure 3-5: Overhead SEM view of the cantilevers on photoresist after gallium ion irradiation. 
(a) The irradiated areas. (b) The photoresist underneath the cantilevers. The backside photoresist 
coating was nonuniform and is not coating the tips of the cantilevers; this does not present a 
problem. 
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I released them in an oxygen plasma (350 mTorr, 200 W, 20 min), and they folded while 
inside the chamber. The results are shown in Figures 3-6 and 3-7. The fact that the cantilevers 
folded after release indicates that the stress is elastic. 
 
Figure 3-6: The cantilevers have folded after the O2 plasma etched away the photoresist backing. 
Sets of 8 cantilevers were given identical doses, and folded to within a few degrees of each other. 
From left to right, the doses and fold angles are: 5, 10 and 14 x1016 ions/cm2; 30, 45 and 60o. 
(Due to the angle at which the sample is tilted in the SEM, the cantilevers appear to be folded to 
larger angles). 
 
    
   (a)              (b) 
Figure 3-7: Cantilevers given doses of 19x1016 ions/cm2 folded to 180o after release. (a) Top 
view. (b) Side view. The indicated gap is about 1 µm, and the fold radius is about 400 nm. The 
folded region is very thin after the sputtering. Doses of 24x1016 ions/cm2 completely etched 
through the silicon nitride. 
 
For this experiment, the silicon nitride cantilevers were 110 nm thick to start with so the 
required doses to fold are lower compared to the 190 nm thick cantilevers. The fold angle 
becomes very sensitive to the irradiation as the cantilever is sputtered very thin. As shown in 
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Figures 3-6 and 3-7, the dose of 14x1016 ions/cm2 produces 60o folds while the dose of 19x1016 
ions/cm2 produces 180o folds. This is a result of the cantilever becoming much weaker and easier 
to bend as it becomes thinner.  
The residues left behind after the oxygen plasma release (visible in Figure 3-7) are from parts 
of the photoresist that reacted with the CF4 RIE ions or the Ga irradiation to form another 
compound. Oxygen plasma will normally completely remove a photoresist. Argon plasma 
etching is a patented method of removing fluorinated polymer [35], but it had no effect on my 
samples. Sputtering was the next method I tried, using 500 eV oxygen ions. This removed some 
more of the polymer, but not all. In addition, this experiment produced an unexpected result. The 
cantilevers that I sputtered with oxygen folded sharply downwards in the areas that had already 
been thinned by the Ga ion irradiation. I repeated this with the cantilevers turned over and they 
folded downwards again. The explanation is that in the Ga irradiated areas, the cantilevers are so 
thin that very low energy O ion bombardment can create a surface SiO2 layer with enough 
compressive stress to cause folding. A release process that avoids this contaminated photoresist 
problem uses an additional silicon dioxide sacrificial layer and is described in Section 4.3.4. 
3.2 Theory 
The experimental results show that gallium ion irradiation produces a large elastic stress in 
the silicon nitride. Initially I modeled the stress as due to implanted Ga ions (Section 3.2.1). 
However, this model did not agree with the experimental results. In Section 3.2.2, I propose 
another model based on the formation of a thin, tensile-stressed Ga layer on the silicon nitride.  
3.2.1 Gallium Ion Implantation Model 
Figure 3-8 shows a Monte-Carlo simulation done using SRIM (stopping and range of ions in 
matter) software [23] of the implantation depth of 30 keV Ga ions incident on silicon nitride. It 
can also be interpreted as the probability mass function of how far into the silicon nitride a given 
Ga ion will land. As each Ga ion is implanted, it also sputters (on average) 1.7 Si and N atoms 
from the surface, corresponding to the experimentally observed etch rate of 40 nm/1017ions/cm2. 
As the surface is sputtered away, each subsequent Ga ion will land farther into the silicon nitride. 
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The evolution of the implanted gallium concentration vs depth into silicon nitride is shown in 
Figure 3-9. 
 
Figure 3-8: SRIM simulation of Ga+ ions at 30 keV into silicon nitride. Ions are incident at 
depth=0 in the Figure. The mean implantation depth is only 21 nm which means the irradiation is 
primarily a surface phenomenon. 
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Figure 3-9: The vertical axis in each plot is gallium ion concentration (cm-3). This series of plots 
shows the evolution of the gallium concentration within a silicon nitride cantilever as it is 
implanted and sputtered from the right. For doses greater than 1017 ions/cm2 (plots 5 and 6) the 
profile remains constant at the surface.  
 
After a sputtering away 50 nm of the cantilever, the gallium concentration profile remains 
constant at the cantilever surface. It is difficult to estimate this surface concentration because of 
the complicated dynamics of sputtering, implantation and atomic displacements. Simply using 
SRIM to find the composition of Ga, Si, N compound with Ga partial sputter yield of unity 
(implying no net change in amount of Ga) yields a value of 20% Ga atomic density. This is 
naïve, however, because the cantilever is not a uniform compound of Ga, Si and N but mostly Si 
and N with Ga in the top surface. There is an infinite reservoir of Si and N below, with Ga 
incident from above. It is quite likely that the Ga concentration near the surface is close to 100%. 
This is corroborated by observations from Bill Ward (of Carl Zeiss SMT) who has observed 
surface layers of pure Ga form after high dose irradiation. However, concrete proof needs to be 
obtained by transmission-electron microscope imaging. 
I model the implanted gallium as creating a compressive strain within the silicon nitride due 
to the addition of material (like pressurizing a balloon with air). This is difficult to model 
because the gallium ions can break the Si-N bonds as they slow down, as well as form new Ga-N 
bonds. For simplicity, I assume that the implanted gallium (which has an atomic volume of 
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11.8 cm3/mol, similar to Si at 12.1 cm3/mol [36]) causes the silicon nitride to expand 
hydrostatically in proportion to its implanted concentration. If the gallium atoms (or displaced 
silicon atoms) compress as much as the nitride expands, the proportion is ½. Therefore the peak 
strain along each axis is found by calculating the dimensional change due to a 10% volume 
expansion, 3 1.1 1 3.2%− = . This strain is large but physically reasonable. Since the implanted 
area is thin and wide, I ignore the vertical strain component and approximate the strain as planar, 
proportional to the concentration of gallium within each planar slice of the cantilever thickness. 
Solving Eqs. 1.1-1.3 with σ(y) equal to the gallium strain multiplied by the silicon nitride elastic 
modulus (300 GPa) yields the fold curvature. Figure 3-10 illustrates the stresses within the 
cantilever, and Figure 3-11 shows the resulting curvature as the implantation (and sputtering) 
takes place. 
 
Figure 3-10: Graphical depiction (not to scale) of the stresses within the cantilever. The solid line 
indicates the stress due to gallium implantation, the dashed line is the stress caused by a radial 
fold, of the form: E k y constσ = ⋅ ⋅ + where E is cantilever modulus, k is fold curvature, and the 
constant determines the fold’s neutral axis. Both k and the constant are determined from solving 
Eqs. 1.1-1.3. 
 
 49
 
Figure 3-11: Curvature of a 200 nm thick cantilever implanted over a 4 µm wide strip plotted as 
a function of sputter depth (proportional to ion dose). The plot is generated by computer 
simulation modeling the implantation, sputtering and solving the bending equations as the ion 
dose increases. The curvature is always negative, meaning that the cantilever is bending 
downwards, whereas in experiment the cantilever bends upwards. 
 
As one would expect from a model of compressive stress forming at the upper surface of the 
cantilever, the model predicts that the cantilever bends downwards, disagreeing with the 
experiments of Section 3.1. Some aspect of the model is wrong, or something is missing. Clearly 
a tensile stress must be forming. If the surface is indeed mostly Ga (metal), the situation is akin 
to that of deposited chromium of Chapter 2. It is plausible that the surface (deposited) Ga in this 
case also has a tensile stress. Another possibility is the formation of a gallium nitride surface 
layer, however this is less likely because such a layer should have compressive stress (as is 
typically the case from reactions producing surface compounds such as the oxidation of Si). 
3.2.2 Surface Gallium Layer Model 
Based on the above reasoning, I created a new model in which a 30 nm thick (based on 
Figure 3-9) surface layer of tensile stressed Ga forms, while the silicon nitride cantilever 
underneath it sputters away. (Hence the only changing parameter is cantilever thickness, which 
decreases linearly with increasing ion dose). I model this using Eq. 1.4 (radius of a bilayer), 
assuming a large uniform stress of 2 GPa in the Ga layer. Figure 3-12 plots the predicted fold 
angle vs ion dose and compares it to the experimental data of this Chapter and to a previously 
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published model on membrane folding by Ga ion irradiation [22]. My model matches the 
experimental data well and thus appears to be a plausible explanation of the physics involved, 
unlike the previously published model which assumes that the stress layer thickness increases 
with ion dose. 
 
Figure 3-12: Fold angle (up to 180o) vs ion dose for a 190 nm thick silicon nitride cantilever 
irradiated with Ga over a 2 µm wide strip. The X’s are experimentally obtained data points from 
the experiments shown in Figures 3-1, 3-2, 3-6 and 3-7. Curve (a) is obtained assuming a 30 nm 
thick surface layer of gallium in 2 GPa of tensile stress. Gallium has a very low elastic modulus 
of 9 GPa (it is a liquid at 30 oC), and curve (b) illustrates how critical this parameter is to the 
model. Curve (b) is obtained assuming the Ga has an elastic modulus of 140 GPa (the same as Cr 
and similar to most metals). Curve (c) is adapted from the model presented in [22] and plotted 
for a 190 nm thick cantilever.  
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3.3 Conclusion 
Gallium irradiation produces a large stress which is capable of sharply folding a silicon 
nitride membrane. However, gallium ions are too heavy to implant beyond the target surface at 
reasonable voltages (< 50 keV) and also sputter the target too much. I have shown that 
membrane folding from gallium irradiation is not a result of implantation but of creating a 
surface gallium layer, and that this technique is only effective at membrane folding when the 
membrane has been sputtered < 50 nm thick. Although I have demonstrated a 400 nm radius and 
a 180o fold, the technique is impractical for several reasons. It is difficult to control the fold 
angle when the cantilever is sputtered so thin, and the thinned areas can be easily warped or 
broken. The folds are also limited to only upwards. Furthermore, gallium metal contamination is 
detrimental to both electronic and photonic 3D devices that one might make. 
Gallium was a good starting point to experiment with membrane folding by ion implantation 
because 30 keV Ga FIBs are very common and accessible to many researchers. However, it is 
not an ideal technique and based on the information gained from these experiments, the next 
logical step is to try a lighter, unreactive ion, such as helium.  
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Chapter 4  
Helium Ion Implantation Folding 
Chapter 3 explored the possibility of ion implantation to do membrane folding, but the stress 
effects of implantation were dwarfed by unwanted side-effects of gallium ions. This Chapter 
begins by conducting similar cantilever-folding experiments by implanting helium ions. He+ ions 
are light enough not to cause any sputtering, can be implanted at depths of 20-200 nm with 
voltages < 30 keV, and are unreactive, making them ideal for studying the stress effects of ion 
implantation. Hydrogen ions (protons) are another good choice; they differ from helium ions 
because they do bond with silicon. I was fortunate to get access to a helium focused-ion beam 
(HeFIB) at Alis Corporation (owned now by Carl Zeiss SMT) which made it possible to 
experiment with helium ions. In addition, the HeFIB was equipped with a secondary-electron 
detector and backscattered-ion detector which allowed me to take images of the cantilevers in-
situ (at low He current to avoid significant implantation). This enabled much more rapid 
experimentation than the alternative option of sending a wafer out for bulk He ion implantation, 
observing it in the SEM, and repeating. The experiments in this Chapter demonstrate that ion 
implantation does produce large material strains, exceeding 5%, resulting in one-micron fold 
radii. The results generally agree with the theoretical model and show that the stress is formed in 
proportion to the local implanted helium concentration. 
4.1 Experiment 
4.1.1 Helium Focused Ion Beam Operation 
The HeFIB operates similarly to a field-ion microscope and is sketched in Figure 4-1. An 
atomically-sharp W needle is biased in the range of 16-25 kV relative to an anode inside a 
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chamber with low-pressure helium gas. This creates an electric field with peak magnitude of tens 
of volts / nm at the tip that decreases rapidly away from the tip. Helium atoms are drawn to the 
tip via the field gradient and ionize when they encounter the strongest part of the field. At this 
point, an electron is pulled off the helium atom and conducts through the metal tip while 
simultaneously the positively charged helium ion accelerates towards the ion-optics column. The 
sample is located several centimeters below the column, and can be either grounded or 
voltage-biased to alter the landing energy of the helium ions. (Ideally, the ion optics column 
could be voltage-biased as well, but this was not possible in the tool that I used). The ostensible 
purpose of this tool is not implantation but rather scanning-beam imaging with the helium ions. 
Thus the HeFIB is well suited for rapid experimentation because it is equipped with a secondary-
electron (SE) detector (each incident ion ejects about 8 electrons from the sample) and a 
backscattered ion detector. The SE detector is biased at +50 V, so when the sample is biased in 
the kV range this detector cannot be used for imaging because the ejected SEs are pulled back 
down towards the sample. Instead, a backscattered ion detector located beneath the ion-optics 
column is used; the tradeoff is that the images have a lower signal-to-noise ratio because of the 
low fraction of helium ions that are backscattered. That is why some of the experimental images, 
such as those in Figures 4-3 and 4-4, look noisy. 
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Figure 4-1: Sketch of the HeFIB operation, showing (from top to bottom) the atomically sharp 
metal tip inside a chamber of low pressure helium, the ion optics column, and the sample stage. 
The secondary electron collector is off to the side (not shown), and there is also a backscattered 
ion detector at the base of the column (not shown). 
 
Changing the pressure in the HeFIB chamber changes the helium ion current. I operated the 
HeFIB at maximum possible current, 150 pA (any higher and the tip degrades). The focal spot 
size on the sample was approximately 20-100 nm at this current (spot sizes of 0.25 nm are 
possible with currents of 1 pA). Typically I implanted areas of 25x0.5 μm2 at doses on the order 
of 1018 ions/cm2, which took several minutes to half an hour, depending on the dose. During this 
time, the beam is length-wise raster-scanned over the implant area every two seconds to achieve 
a roughly uniform implantation. 
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4.1.2 Experimental Observations of Cantilever Folding 
The first experiments succeeded in folding a silicon-nitride cantilever by helium-ion 
implantation, but surprisingly not until the dose exceeded 1017 ions/cm2. I implanted at 22.5 keV 
into the bottom of a 150 nm thick cantilever (median implant depth 140 nm) and observed that 
the cantilever folded up, as expected from the creation of local compressive stress. Next I biased 
the sample at 4 keV to slow down the incident ions to 18.5 keV and implanted another 
cantilever. I repeated this in increments of 4 keV and observed that as the implantation depth 
decreased enough, the cantilevers began folding downwards instead of upwards due to the 
formation of compressive stress near the top surface. These results are shown in Figure 4-2. 
 
 
Figure 4-2: An array of cantilevers folded by helium ion implantation. Each cantilever was given 
a dose of 2.5x1017 ions/cm2 over an implant width of 4 µm, but with a different ion-landing 
energy. From right to left, the cantilevers were implanted with ion energies of 0, 22.5, 18.5, 14.5, 
10.5, 6.5, and 2.5 keV. The fold angles of the second and third from the right are exactly 90o; 
they were blocked by the ion beam at that point. The leftmost cantilever did not fold but the 
implanted area is faintly visible. 
 
Following this verification of principle, I set up a sequence of experiments to collect enough 
data points to make a detailed comparison to my model. In these experiments I used three sets of 
cantilevers, all 100x20 μm2, but having thicknesses of 40, 100 and 140 and 200 nm. 
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Interestingly, the 200 nm thick cantilevers did not bend much with implantation so I dropped 
them from the experiment. To expedite the data collection, I implanted a cantilever with a small 
dose (usually 5x1016 ions/cm2, roughly a minute of implantation), took an image, corrected any 
beam drift, and continued implanting. Thus with a single cantilever I generated a full series of 
dose vs fold angle data points. Then I moved to another cantilever of the same thickness, 
changed the ion-landing energy, and repeated the process. I calculated the fold angle from the 
overhead images by simple trigonometry. The drawback of this method is that the calculation is 
very sensitive to small pixel measurement errors (in the images) when the cantilever is folded 
< 30o. However, it was the only method to collect the required data available to me at Carl Zeiss 
SMT. 
Images from two typical data collection experiments are shown for a cantilever folding up 
(Figure 4-3) and down (Figure 4-4). Note that some image distortion occurs when the sample 
bias is changed, which is why the lateral dimensions of the cantilevers appear different in the two 
figures. 
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Figure 4-3: Sequence of overhead images of a 100 nm thick cantilever as the implant dose is 
increased (at 16 keV). The implant area is indicated in frame 1 by the red vertical line. It extends 
2.5 µm beyond the cantilever edges and is 0.5 µm wide. The cantilever is folding up, and in 
frame 8 although it appears to have broken off it is actually folded to exactly 90o. 
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Figure 4-4: Sequence of overhead images of a 100 nm thick cantilever as the implant dose is 
increased (at 8 keV). The implant area is indicated in frame 1 by the red vertical line. The 
cantilever is folding downwards. After frame 6, the fold angle cannot be measured from the 
overhead images. 
 
4.2 Theoretical Model and Comparison to Experiment 
The theory is identical to that of Section 3.2.1. I assume that the stress profile within the 
cantilever is proportional to the ion concentrations predicted by SRIM, and then I solve Eqs. 1.1-
1.3 to calculate the curvature. This model makes two major assumptions: the ion-target collisions 
(which produce vacancies by dislodging silicon and nitrogen atoms) do not create any stress 
gradients, and the silicon nitride deformation is purely elastic. These assumptions are addressed 
in this Section. 
4.2.1 Experimental and Theoretical Fold Angle Data 
The experimental data on fold angle vs dose, taken as described in Section 4.1.2, are plotted 
in Figure 4-5a,c,e as solid lines. Each line shows the trajectory of a single cantilever’s fold angle 
as the ion dose increased. Overlaid with this data are simulated fold angles (dashed lines) for 
each cantilever (discussed later). The data are grouped by sets of cantilevers with the same 
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thickness. To the right of each fold angle plot is a plot showing SRIM simulations of the helium 
ion profiles within the thickness of the cantilever. In order to compute the local helium ion 
concentration (cm-3), one can multiply the value of the ion concentration plot at a particular 
depth by the total ion area dose from the fold-angle plot. For example, in Figure 4-5a, the 
cantilever implanted with 4 keV helium ions has a maximum dose of 20x1017 ions/cm2 (this is 
where I stopped taking data on that cantilever). Given this area dose, the actual concentration of 
helium at 20 nm depth into the cantilever can be estimated from the 4 kV curve in Figure 4-5b. 
At 20 nm depth, the ion concentration / unit dose is 20x104 cm-1, so the ion concentration is 
(20x104) x (20x1017) = 4x1023 ions/cm3.  
The SRIM simulations take into account ions that are transmitted through the cantilever, 
which is why the peak concentration of the 6 and 16 kV profiles is much lower for 40 nm thick 
cantilevers than for 140 nm thick cantilevers. 
 
 
(figure continues on next page) 
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Figure 4-5: (a, c, e) Fold angle vs ion dose data for varying cantilever thicknesses. Each solid 
line represents a set of data taken from a single cantilever implanted with He of the indicated 
energy; dashed lines are simulated fold trajectories for each ion energy (listed in boldface). (b, d, 
f) SRIM simulations of ion concentrations within the depth of the cantilever, assuming normal 
incidence at depth = 0 nm. Each line indicates the profile for the given ion energy.  
 
4.2.2 Model of Ion Implant Stress Profile 
Once the local helium concentration exceeds 3x1020 cm-3, cavities form in the target and fill 
with helium, like bubbles [37]. For reference, the atomic density of silicon nitride (Si1N1.1, mass 
density 3.4 g/cc) is 9.88x1022 atoms/cm3, and the highest helium concentration in my experiment 
as predicted by SRIM is 8x1023 atoms/cm3. Large concentrations such as these (exceeding 
 61
1022 cm-3) have not been studied before. Existing models are primarily developed from 
transmission electron microscope (TEM) studies of cavity formation from helium implantation 
and elastic recoil detection of helium remaining in these cavities. These studies [26, 38, 39] show 
the formation of 2 nm diameter voids in proportion to the target vacancy production. These voids 
fill with helium, causing compressive stress. A related study shows experimentally that stress 
from ion implantation of any ion is proportional to the target damage concentration [34]. 
However, all of these studies were done for ion doses of < 1017 cm-2, peak vacancy 
concentrations of < 2x1022 cm-3 and peak ion concentrations of < 5x1020 cm-3. My argument is 
that in the much higher dose range that I study here, the stress is proportional to the ion 
concentration rather than vacancy concentration. In my experiments the peak vacancy 
concentrations are > 1025 cm-3 and the minimum vacancy concentrations anywhere in the 
cantilever are typically > 1024 cm-3 (see Figure 4-6). Considering that the atomic density of 
silicon nitride is 1023 cm-3, it does not make sense to say that there are 10-100 vacancies per 
silicon or nitrogen atom. Therefore, the silicon nitride is uniformly damaged and full of voids, 
implying the lack of any gradient to cause a bending moment. In addition, the silicon nitride is 
amorphous to begin with so there cannot be any strain due to an interface between a crystal layer 
and an amorphous layer. On the other hand, the peak helium ion concentration is 8x1023, and one 
questions whether it is physically possible for so many helium atoms to fit into 2 nm diameter 
bubble-voids that form in the silicon nitride. A study by Hueging et al. [39] estimates the 
pressure exerted by these bubbles within silicon (though after annealing at 400 oC) based on 
TEM observations of the size of dislocation loops surrounding the bubbles. At helium 
concentrations of 3x1020 cm-3, the pressure (stress) exerted by each bubble is about 10 GPa. 
Helium solidifies at room temperature at pressures greater than 11.5 GPa, and behaves 
hydrostatically as far as anyone has measured (up to 50 GPa) [40]. Solid helium has a low bulk 
modulus (50 MPa) meaning it is very compressible, so it is possible that these bubbles can 
contain large numbers of helium atoms. 
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Figure 4-6: SRIM simulation of ions incident into cantilever from depth = 0 nm. (left) Ion 
concentration vs depth. (right) Target vacancies vs depth. To convert the units into concentration 
(cm-3), multiply by a dose (ions/cm2). For example, a dose of 1018 ions/cm2 results in a peak ion 
concentration of 1.2x1023 cm-3, and peak vacancy concentration of 8x1024 cm-3. 
 
A free variable in computing the simulated fold angles based on the ion implantation model 
presented in 3.2.1 is the stress coefficient per unit ion concentration (the model assumes a linear 
relationship). Based on my experimental observation of a 100 nm thick cantilever bent around a 
1 µm radius (see Figure 4-14), the peak strain within this fold due to bending is 5% which 
corresponds to a stress of 15 GPa. The peak ion concentration is 4x1023 cm-3, making the stress 
per dose coefficient 3.75x10-23 GPa/cm3. This is the coefficient that I used to obtain all of the 
simulated fold angle trajectories in Figure 4-5.  
4.2.3 Explanation of Differences Between Experiment and Theory 
According to the mechanical model, the cantilever should fold upwards if the majority of 
stress-bending-moment is located in the lower half of the cantilever, and vice versa. An easy 
approximate method of determining the fold direction is to look where the peak of the stress lies. 
However, this model fails to explain all of the experimental data in Figure 4-5, because in many 
cases the solid lines (experiment) do not correlate with theory (dashed lines) and sometimes even 
disagree on direction of fold (up or down). These anomalies are understood by considering 
several effects that the mechanical model does not take into account, and are qualitatively 
explained in this Section.  
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First, we will examine the data from the 40 nm thick cantilevers (Figure 4-5a,b). The 4 kV 
implant peak stress is located in the bottom half of the membrane and it folds upward as 
expected until a saturation angle is reached. The peak of the 2 kV stress profile is located in the 
upper half of the membrane and it folds downward as expected, again until a saturation angle is 
reached. The 16 kV stress profile is orders of magnitude smaller because the ions are energetic 
enough to mostly pass through the cantilever; accordingly, the cantilever does not fold because 
there is insufficient stress buildup. The peak of the 6 kV profile is located in the lower half, and 
it folds upwards very quickly.  
Before analyzing these observations in more detail, it is worthwhile to examine the damage 
profiles again to double check that disregarding them was a valid assumption. Using the vacancy 
concentration profiles of Figure 4-7, one would predict the 4 kV implant to not fold (since the 
profile is symmetric about the center of the cantilever), and the 16 kV implant to fold upwards. 
Both of these predictions are incorrect. 
 
Figure 4-7: Vacancy concentration per unit dose as a function of depth into the 40 nm thick 
cantilevers. Ions are incident from depth = 0 nm. 
 
Returning to the ion concentration profiles, there are a few anomalies to resolve: saturation 
angles for the 4 kV and 2 kV cases, and why the 6 kV profile folded so much more quickly than 
the 4 kV profile. The saturation angle occurs due to two effects. First, the implantation is done on 
free-standing cantilevers, so as they fold up the ion incidence angle changes. The implanted area 
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is radially curved and the ion incidence angle varies over that curve. As the ion incidence angle 
increases from normal (0o), the implant depth decreases. This is simulated in Figure 4-8. At 45o 
incidence, the 4 kV profile becomes symmetric and folding should cease. However, the 6 kV 
profile at 45o is still concentrated in the bottom half of the cantilever, and increases in magnitude. 
This is because at normal incidence most of the ions were transmitted, but at 45o they are now 
landing near the bottom. This also explains why the 6 kV implant continues to fold up to 90o 
whereas the 4 kV implant saturates. Another cause for the 4 kV implant to saturate is that the 
increased density of the target after a dose of 1018 cm-2 also decreases the implant depth and 
pushes the peak concentration more towards the center. It is difficult to model these effects 
quantitatively for the freestanding case because the implanted area is curved and the ion 
incidence angle is continually changing and different at each point along the curve. Comparing 
such a model to the experimental results shown in this Chapter is also difficult because of beam 
drift during the experiment. Finally, the above discussion fails to explain why the 2 kV implant 
fold angle trajectory saturates. If anything, the decreased implant range should increase the 
bending moment since the stress peak will shift even closer to the upper surface. What actually 
happens is that when the stress peak moves too close to the upper surface the cantilever starts 
bulging instead of a bending (this becomes a lower energy deformation mode). This is explained 
in Section 4.2.4. 
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Figure 4-8: Ion concentration profiles vs depth into cantilever for the 40 nm thick cantilevers. 
This is the same data of Figure 4-5b, with additional dotted-line plots showing the tilted implant 
profiles and increased target density implant profile. 
 
Next, we examine the set of 100 nm thick cantilevers (data shown in Figure 4-5c,d). The 
reason why the 10 kV implant fold angle trajectory saturates while the 16 kV trajectory does not 
is for the same reasons as discussed above for the 40 nm thick samples. As shown in Figure 4-9a, 
for 45o ion incidence the peak of the 10 kV implant profile moves towards the center of the 
cantilever whereas at 16 kV implant profile remains fairly similar. Repeating the 16 kV 
simulation on a target containing a high density of helium near the bottom shifts the implant 
profile even more towards the bottom half (not shown in the Figure). 
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Figure 4-9: (a) Ion concentration vs depth for the 100 nm thick cantilevers. This is the same data 
from Figure 4-5d, overlaid with implant profiles for 10 and 16 kV at 45o ion incidence. (b) The 
same data being compared to the damage profile for the 8 kV implant (non-dimensional). 
 
Understanding the behavior of the 8 kV implant is not as straightforward. The profile in 
Figure 4-9 suggests that the cantilever should start bending upwards, as shown by the 
corresponding dashed line in Figure 4-5c. In experiment, the cantilever bends down. Earlier in 
this Section I commented that for doses of < 1017 ions/cm2, other published studies found that the 
stress in the target correlates to the vacancy concentration profile rather than the ion 
concentration profile. Assuming that is correct for low doses, it is possible that 8 kV damage 
profile (shown in Figure 4-9b) is responsible for the initial downward folding. Within a dose of 
3x1017 cm-2 the cantilever folds downwards by 20o. The ions are then incident at an angle, which 
shifts the implant profile into the upper half of the cantilever. Therefore as the ion concentration 
becomes the dominating stress it causes continued downward folding. 
 Finally, we examine the set of 140 nm thick cantilever data in Figure 4-5e,f. The 16 kV fold 
trajectory saturates in this case (unlike the 100 nm thick cantilever case) because at normal 
incidence most of the ions do not penetrate through the cantilever and at a 45o tilt, the implant 
depth decreases. After a dose of 1018 cm-2, the cantilever even reverses fold direction because the 
increased target density further decreases the depth of implanted ions. The 10 kV implant here is 
similar to the 8 kV implant into the 100 nm thick cantilever; initially it bends downwards due to 
the location of the damage profile, which shifts the ion concentration profile into the upper half 
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of the cantilever causing it to continue to bend downwards as the dose increases. The most 
interesting feature of this set of data is that the 6 kV implant does not fold, and the 6.5 kV 
implant does. Theoretical intuition developed thus far states that the shallower implant profile 
should produce a larger bending moment and fold downwards more quickly. Instead, the 
experimental data imply that some threshold is being crossed, and it depends on the cantilever 
thickness because in the 40 nm thick case, a 2 kV implant was sufficient to cause downward 
folding.  
4.2.4 Non-bending Deformation Modes 
The explanation is that the cantilever is deforming by a different mode than radial bending. 
This is clearly visible in Figure 4-10a, where the cantilever has slightly bent but mostly buckled 
along its width. Figure 4-10b shows a less obvious deformation mode, but one that was more 
common in the experiments. The upper surface of the cantilever has bulged slightly near the 
base, where it was implanted. For a shallow implant, this bulging mode is a lower energy mode 
than bending.  
 
 
(a)                                                                        (b)              
Figure 4-10: SEM images of non-bending deformation modes. (a) A 40 nm thick cantilever has 
buckled rather than bent. (b) A 140 nm thick cantilever, implanted at 2.5 kV, did not bend while 
the cantilever to the right of it (partially visible), implanted at 6.5 kV, did bend. Upon close 
inspection of the image, a slight bulge is visible where the non-folding cantilever was implanted. 
Instead of bending, this cantilever bulged because that was a lower energy mode based on the 
stress-profile. 
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The energy in each of these two modes is calculated by first obtaining an expression for the 
bending moments in each mode, and then integrating the strain energy in each deformation 
caused by the moments. I simplify the bulging mode for the purpose of modeling as illustrated in 
Figure 4-11, in which a fixed thickness of silicon nitride is uniformly bulged. In reality, the bulge 
is probably (but not certainly) more gradual and not resulting in the pictured delamination.  
 
Figure 4-11: Cross-sectional view of cantilever bulging mode. This model assumes that the stress 
is located along the plate (or line, in this cross-section) at depth t1. The two ends of the bulge are 
constrained such that the displacement and slope are both zero. The peak displacement occurs in 
the center of the implant length. 
 
The curvature of a bulge deformation is 
 ( )
2
2 2
22
1
d vM dx d vk dxEI dv
dx
= = ≈⎛ ⎞+⎜ ⎟⎝ ⎠
 (4.1) 
where v(x) is the vertical displacement of the cantilever and the approximation comes from 
assuming that ( )2 1dv dx  . This is an acceptable approximation because if the bulge height 
does not exceed 200 nm (by observation in Figure 4-10b) and the bulge length is 3000 nm, 
( )2 0.04dv dx < . The bending moment at some position x within the bulge can also be described 
by  
 
2 2
2'2 2
bLx bx d vM M EI dx
σ σ= − + − = . (4.2) 
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Figure 4-12: Illustration of forces and bending moments within the bulge. The total applied force 
is F. The opposing force must come equally from the ends, as indicated. The internal moment at 
point x’ is M, and the moments at each fixed end are M’. Therefore at position x’, the total 
moment is the sum of the moment from the force at the left end over distance x’, plus the 
moment from the total force on the segment (Fx’/L, applied at the center of the segment x’/2) 
over distance x’/2, plus the moment M’ from the left end. These terms appear in this order in Eq. 
4.2. 
 
Figure 4-12 clarifies Eq. 4.2. E refers to the elastic modulus of silicon nitride, I is the 
moment of inertia of a rectangular cross-section 
3
1
12
btI = , and b is the width of the cantilever 
(going into the page in Figure 4-11). Eq. 4.2 is then solved for M’ by integrating twice, and 
applying the boundary conditions of zero displacement and zero slope at v=0 and v=L. The end 
moment (at the boundaries) is found to be M’=σbL2 / 12. Now, the strain energy of the bulge can 
be found by 
 
2
0
( )L M x dx
EI∫ , where (4.3) 
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After algebraic manipulation, the result is 
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The maximum vertical displacement occurs at the center of the bulge, 
4
max 3
1
3( / 2)
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σ= = . 
Thus the energy in the bulge can be rewritten as 
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bulge 3
8v Et bU
L
= . (4.4) 
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Calculating the energy of a radial bend is much simpler because the curvature, k, is a 
constant. Solving Eq. 4.3 where M=EIk and I=bt3/12 results in 
 
3
bend 212
EbLtU ρ= , (4.5) 
where ρ=k -1. The ratio of these energies is 
 
32 2
bulge max 1
4
bend
96U v t
U L t
ρ⋅ ⎛ ⎞= ⋅ ⎜ ⎟⎝ ⎠ , (4.6) 
and shows a cubic dependence on the depth (t1) of stress profile. When Eq. 4.6 is < 1, bulging 
is the lower energy deformation and when it is > 1 bending is the lower energy deformation. 
Applying Eq. 4.6 to the experiment under investigation by estimating the values of the variables 
to be vmax=100 nm (estimated bulge height), ρ=10μm (estimated radius), L=1000-2000 nm 
(estimated implant length due to drift although nominal implant length is 500 nm), we find the 
ratio is < 1 when 10.22 0.37t t< < , depending on the value of L used. Based on the location of 
the peaks for the 6 kV and 6.5 kV implant curves in Figure 4-5e, the threshold at which the 
deformation switches from bulging to bending is about 0.32t. Both the sharp transition due to a 
cubic dependence on stress depth and the accompanying rough quantitative analysis support the 
theory that the non-folding occurs due to bulging rather than bending deformation. 
However, this does not explain why the higher energy implants fold instead of bulging the 
bottom surface of the cantilever. Specifically, in the case of the 140 nm thick cantilevers, one 
might expect the 16 kV implant to cause a bulge because the stress peak is so close to the 
bottom. In the preceding analysis, we assumed that the stress distribution was a very narrow box, 
which is a good approximation for the shallow implant. This assumption is invalid for the deep 
implants, which are more accurately modeled by a linear ramp. The large stress peak about 
20 nm from the bottom surface probably does cause bulging, but the rest of the stress located 
throughout the depth of the cantilever closely matches the linear stress profile required to cause 
bending which is why bending is the more dominant mode. 
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4.2.5 Justification of Elastic Stress Assumption 
The stress model (details in Section 3.2.1) relies on the key assumption that the ion 
implantation stress is purely elastic. Free-standing cantilevers could be deformed either from 
elastic or plastic stress. In order to determine the amount of plastic stress, ideally one would 
remove all the helium from the cantilever and see if cantilever maintained its folded state 
(indicating plastic stress due to structural damage) or unfolded to its original flat state (indicating 
elastic stress). Helium trapped within vacancy-bubbles hardly diffuses at room temperature, so I 
annealed a set of folded cantilevers to cause the helium to diffuse out. The diffusion rate D is of 
the form exp( )O AD D E kT= − where DO is a constant, EA the activation energy, k is 
Boltzmann’s constant, and T is the temperature. Therefore, for EA of only 1 eV, a temperature 
change from 300 oK to 900 oK can cause a diffusion rate change of 1011. Results from this 
experiment are pictured in Figure 4-13, and in summary show that helium diffusion begins to 
occur at 400 oC, and after all the helium diffuses out the cantilevers return to their original flat 
state. The relaxation to the initial undeformed condition implies that the stress is purely elastic, 
and the stress model is valid. It is also worth noting that samples that were implanted and kept at 
room temperature did not change fold angle as long as observations were made (one year), so 
there is no concern that 3D devices formed by ion implantation will degrade by unfolding. 
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Figure 4-13: Overhead microscope images of a set of cantilevers after several annealing steps. In 
the leftmost image, all of the cantilevers except the very top and bottom are folded. They are 
hard to see because they reflect light at an angle to the overhead microscope lens. After each 
annealing step, cantilevers unfold and when they become flat appear bright in the microscope 
images. The arrows indicate cantilevers that have significantly unfolded in each annealing step. 
(They become flat after different amounts of annealing because they are initially folded to 
different angles). Some sharp deformation at the implant location in the third cantilever from the 
bottom after the 600oC anneal is even restored after the 800oC anneal. The annealing was done in 
a rapid thermal annealer, and after the 800oC anneal, I tried a 1000oC anneal which broke all the 
cantilevers, most likely because of the rapid temperature change not the actual temperature. 
4.3 More Complex Folds 
With an understanding of the physical folding mechanism and the ability to control it, the 
next step is to determine the range of 3D structures that can be made. Figure 4-14 shows a 180o 
fold of a free-standing cantilever made by folding downward with a shallow implant depth. That 
the silicon nitride, which is a glass, can fold so sharply without cracking defies conventional 
macro-scale intuition. Scaling up all of the dimensions and considering a 1 mm thick glass, 
folded about a 1 cm radius, cracking would certainly occur. In this case, even though the peak 
stress (~15 GPa) is above the bulk fracture stress of silicon nitride (~9 GPa), cracking does not 
occur because the stress is not generated by external compressive forces but by altering the 
physical makeup of the material. 
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Figure 4-14: A 100 nm thick cantilever folded 180o. There is no visible cracking. 
 
4.3.1 Thin Cantilever Deformations 
Cantilevers can also be folded about other axes, shown in Figure 4-15. This Figure shows 
how adjacent free-standing cantilevers might be folded sequentially to connect in 3D or form a 
layered stack. This may be a useful and simple method of bringing two disparate materials or 
devices into contact for an experiment. 
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Figure 4-15: (left) A cantilever folded along its length. (right) Cantilevers folded about a 45o axis 
to their base. 
 
Multiple folds, both up and down, can be made on a free-standing cantilever as shown in 
Figure 4-16. This structure was made first with a series of downward folds near the cantilever 
tip, and then an upward fold near the cantilever base. 
 
Figure 4-16: This spiral structure, or “nano-rose” was made with successive spatially displaced 
shallow implants (downward folding) in a 100 nm thick cantilever. The innermost radius is sub-
micron.  
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4.3.2 Thick Cantilever Folding 
One problem with the “nano-rose” in Figure 4-16 is that there is some warping in its “stem,” 
the long segment beneath the spiral. The cantilever was flat to begin with and the warping is due 
to stray ion implantation. Even if the ion implantation is masked off to prevent stray 
implantation, stress sufficient to cause warping is common in many of the materials that might be 
deposited for device fabrication. The solution is to work with a thicker membrane since the 
resistance to bending increases by the cube of the thickness. However, the areas that are to be 
folded must be etched thinner, to about 100-150 nm, so that the ion implantation stress will cause 
bending. Figures 4-17 and 4-18 present experimental results demonstrating this concept. 
 
          (a)       (b)             (c) 
Figure 4-17: (a) A 500 nm thick membrane is etched to 150 nm thick in a 4μm long segment, and 
implanted with 16 kV helium ions until folded to 90o. The folded segment is sufficiently thick 
that stray ion implantation does not warp it. (b, c) Images of the folded thinned hinge. The rough 
sidewalls around the edges of the cantilever are due to fabrication error which is described in the 
text. 
 
 
Figure 4-18: Example of a thinned hinge bending downwards. 
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The thin hinge cantilevers are made with a different fabrication process than the standard thin 
cantilevers. Since the membranes are initially 500 nm thick in this case, they cannot be etched 
using photoresist as a mask because the photoresist crosslinks too much (creating stress) during 
the longer CF4 etch and breaks the membrane. An example of this is shown in Figure 4-19. 
 
Figure 4-19: SEM image of 600 µm long cantilevers patterned with a photoresist etch mask. 
After etching, there is so much tensile stress built up in the photoresist that the cantilevers are 
curled into semi-circles and the membrane is cracked in several places. 
 
Instead of a photoresist etch mask I used a metal etch mask, which has the advantage of 
decreasing in stress during the etch because it gradually sputters away. I evaporated 20 nm of 
nickel onto the membrane and patterned the 4 µm hinge shapes by wet etching in nitric acid. The 
selectivity between silicon and nickel in a 100 V CF4 etch at 10 mTorr is about 30:1, so the 
nickel is an excellent etch mask. However, it is still important not to use too thick of a nickel 
mask, otherwise it may break the membrane. I etched to a depth of 350 nm, as measured by an 
interferometer. This measurement is difficult to make, even with about 5 nm of nickel remaining 
on the silicon nitride, because the membrane is not very reflective. It is possible to also use a 
stylus profilometer to measure etch depth, but the measurement must be done in a separate 
50 µm wide line on the substrate (not the membrane) so that the 10 µm radius stylus can fit into 
the trench and to avoid breaking the membrane. The etch rate both on and off the membrane and 
in a 4 µm vs 50 µm wide strip is slightly different, making it difficult to determine the true etch 
depth. Next, I sputtered away the remaining nickel in an argon plasma, re-deposited another 
20 nm of nickel and patterned it into cantilever shapes aligned with the already etched hinges. I 
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etched the cantilever pattern entirely through the membrane with the same parameters, and then 
cleaned off the nickel with argon sputtering again. At this point I examined one sample in the 
SEM, and found that the hinge was about 250 nm thick instead of 125 nm (target thickness). To 
correct this I etched the entire cantilever uniformly in CF4 to reduce the thickness of the hinge 
(and also the rest of the cantilever). The argon sputter cleaning step had removed all of the nickel 
from the top surface of the cantilever, but also sputtered it into all of the sidewalls. This masked 
the CF4 only around the cantilever sidewalls, producing the very rough edges seen in Figure 
4-17. For this experiment, the problem is only aesthetic and can be corrected in the future by 
more accurate etch depth measurements or chemically removing the nickel rather than sputter 
cleaning it. 
A multilayered stack can be folded out of a single free-standing cantilever by a series of up 
and down folds. Starting from the tip of the cantilever, one would fold the first segment to +90o, 
fold the next segment to -90o, fold the first segment another +90o, fold the second segment 
another -90o, and repeat moving closer to the base of the cantilever. To demonstrate this 
experimentally, I fabricated longer cantilevers with multiple thinned hinges using the same 
method as described above and tried to perform this folding sequence. The as-fabricated 
cantilever is shown in Figure 4-20a. While trying to implant these cantilevers, I encountered an 
unexpected problem. When voltage-biasing the sample (in order to perform a low-energy 
implant for downward folding), the cantilevers curled upwards before implantation (shown in 
Figure 4-20b) due to capacitive attraction! This can be approximately modeled as a parallel plate 
capacitor with the cantilevers biased at 10 kV, the base of the ion column grounded, and a 
separation distance of 20 mm. The attractive force between the plates is thus 
2
2
AVF
d
ε=   
where ε is the permittivity of free space, A is the cantilever area, V is the voltage, and d is the 
separation. For the cantilevers in Figure 4-20, the attractive force is 10 μN applied over a 600 µm 
moment arm, creating sufficient torque to bend the thin hinges. Although this was a scientifically 
interesting problem, I could not work around it during the experiment and it prevented me from 
demonstrating a folded multi-layer stack. 
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Figure 4-20: An array of 600 µm long cantilevers nominally 500 nm thick with a thinned hinge 
area etched every 100 µm. (a) Overhead SEM image after fabrication. (b) Overhead 
backscattered ion HeFIB image while biasing the sample to 8 kV.  
 
4.3.3 Beyond Folding Cantilevers 
One solution to this problem of capacitive force is to implant cantilevers that are held flat by 
a sacrificial material, and then release them after implantation. The photoresist sacrificial layer 
used in Section 3.1.2 with the gallium irradiation was difficult to remove so instead I 
experimented with a simpler release process developed by Savas et al. [41]. The method is to 
almost fully etch the free-standing cantilevers so that a thin film of silicon nitride remains 
holding everything flat. Then, after implantation, slowly etch the entire membrane from the 
backside to remove that thin film of silicon nitride. I decided to try this with a true origami shape 
rather than a cantilever. With the appropriate coordination of up and down folds, the flat 
membrane pattern shown in Figure 4-21a will fold up into an origami bird (I made the design by 
working with paper). The membrane is 1000 nm thick, and the outer border is nominally etched 
900 nm while the fold lines are nominally etched 750 nm. After implantation, a uniform etch 
from the backside of 100 nm should have released the outer border and made the inner fold lines 
thin enough to bend, but instead the bird broke apart as shown in Figure 4-21c. The problem was 
that it was too hard to accurately control the etch depths of border and the fold lines (done in 
separate etching steps) and instead of having a 150 nm differential between them there was 
probably only a 50 nm differential. 
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(a)                     (b)                 (c) 
Figure 4-21: Overhead microscope images of the stages of fabrication of the origami bird. (a) 
After the ribs and outer border have been etched. All of the lines fold up except for the four wing 
lines (left and right) and the two head lines (bottom). The bird is designed to fold up all together 
in a single step. (b) After ion implantation, the stress is visibly rippling the thin outer border. (c) 
The bird is uniformly overetched and breaks apart. 
 
4.3.4 An Ideal Membrane Release Process 
In order for membrane folding to be a practical technique, a robust release process is 
required. Polymer is the ideal release material because it can be removed easily and with high 
selectivity by O2 plasma. However, it is adversely affected by RIE and ion implantation. On the 
other hand, a material like silicon dioxide is unaffected by standard processing but very difficult 
to remove with a gas phase etch. Combining these two materials in a dual-sacrificial layer 
process allows one to capitalize on the advantages of each. First, the backside of the membrane is 
coated with a 200-400 nm thick silicon dioxide layer. All of the processing is done on the 
membrane, and any etch steps are timed to stop somewhere within the silicon dioxide layer. 
Then, a thin layer (300 nm) of polymer is spun onto the topside of the membrane, and the 
backside SiO2 is removed in a wet HF etch. The topside polymer protects any devices that may 
be attacked by the HF. The membrane is dried, and the folding structures are released in 
O2 plasma. Note that in this fabrication sequence, the SiO2 sacrificial layer is used during all of 
the device processing, so the final photoresist layer is unaffected by ion implantation or etching 
and can be fully removed in an O2 plasma. 
This process sounds simple but there is one important trick. The backside SiO2 must be under 
compressive stress rather than tensile stress. If it has tensile stress, it will crack the membrane 
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apart during any RIE steps. Although compressive stress may wrinkle the membrane slightly, 
this goes away after the oxide is removed. Figure 4-22 compares the result of etching cantilevers 
into a membrane with a compressive and tensile stress SiO2 backside coating. In Figure 4-22a the 
SiO2 was deposited by plasma enhanced CVD (PECVD) whereas in Figure 4-22b the backside 
was coated by spinning on a layer of hydrogen-silsesquioxane (HSQ). Evaporated SiO2 also has 
a tensile stress and cannot be used. 
 
                     (a)               (b) 
Figure 4-22: SEM images of membranes etched into cantilever shapes with thinned hinges. (a) 
The backside of the membrane was coated with PECVD silicon dioxide under compressive stress 
and remains intact after etching cantilevers. (b) The backside of the membrane was coated with a 
layer of HSQ under tensile stress and cracks apart after etching cantilevers. 
 
I tested the complete release process on a set of un-implanted cantilevers. On the first 
attempt, the photoresist topside coating peeled off in the HF etch. On the second attempt, I 
primed the top surface with hexamethyldisilazane to increase the adhesion energy of the 
photoresist, and it worked fine. After O2 plasma etching away the photoresist, there was no 
residue left behind. However, due to limited access to the HeFIB, I was unable to test the release 
process on implanted cantilevers.  
4.3.5 A Note on Membrane Cleaning 
High frequency (ultrasonic to megasonic, 20 – 1000 kHz) agitation is often used to clean 
substrates of particulates prior to sensitive device fabrication steps, and is commonly assumed to 
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be incompatible with membrane fabrication. I tested these assumptions by placing 500 nm thick, 
2x4 mm membranes into water and turning on a high frequency agitator. I found that ultrasonic 
vibrations (20 kHz), even at the lowest power I could operate at using the available lab 
equipment (5 W), broke the membranes after just 0.5 sec. On the contrary, megasonic vibrations 
(1 MHz) at 35 W did not break the membranes after 5 minutes of agitation, regardless of 
membrane orientation to the vibration propagation direction. In a simple experiment, I also 
showed that megasonic vibration can clean a membrane without breaking it (see Figure 4-23). 
 
     (a)           (b)             (c)      (d) 
Figure 4-23: (a-c) Overhead microscope images of a silicon nitride membrane intentionally 
covered with silicon particles and then cleaned in megasonic agitation. The lateral dimension of 
images is about 20 µm. (a) After nitrogen air gun cleaning, many small particles remain. (b) 
After 2 min de-ionized water spray rinse and nitrogen gun drying, some particles are removed. 
Repeating this step did not remove any more particles. (c) After 2 min of 35 W megasonic 
agitation, the particles are gone and the membrane is intact. (d) A silicon nitride membrane 
shattered after ultrasonic agitation. The width of the membrane is 2 mm in the image. 
4.4 Conclusion 
This Chapter presented a membrane folding method that meets all of criteria outlined in 
Chapter 1. It is compatible with membranes of any material because the effect is physical, not 
chemical. Thick membranes can be folded with a sub-micron radius by selectively etching the 
fold areas, and fold angles are accurately controlled by ion dose and energy. The folded 
structures are stable unless annealed at high temperature (meaning that the implantation should 
be the final step of the process). Finally, the process can be made self-assembling using the 
release process described in Section 4.3.4. 
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For rapid experimentation or device prototyping, the HeFIB is an ideal tool because of its 
ability to create localized implants and image the sample at the same time. However, it is poorly 
suited for mass manufacturing because each implant takes several minutes to complete. Once all 
the implantation parameters for a particular device have been determined, manufacturing should 
be done with a bulk implanter. Ion currents in state-of-the-art implanters are typically > 10 mA 
[42]. Therefore a dose of 1018 cm-2 over a 300 mm wafer will take 12.6 hours, which is not 
unreasonable. Most ion implanters use a scanning beam with a 10-20 mm spot size. Thus if the 
folding regions are only located in a few areas across the wafer, the implant time can be reduced 
by skipping over the areas that do not require implantation. Increasing the ion current to 100 mA 
will also reduce manufacturing cost, and this is already being done for oxygen implanters used 
for manufacturing silicon-on-insulator (SOI) substrates by implantation.  
Manufacturing cost may also drop by using hydrogen which is less expensive than helium. 
Hydrogen is used in the smart-cut process for making SOI, and is reported to make larger and 
more stable bubble-voids [25], possibly leading to larger stresses compared to the same dose of 
helium. Hydrogen is also a lighter ion with an even lower sputter yield and longer implant range. 
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Chapter 5  
Applications of Membrane Folding to Chemical 
Sensing Science 
Chapter 4 explained how ion implantation can be used to produce controlled membrane 
folding and a variety of 3D structures. This Chapter presents an application of membrane folding 
to chemical sensing. Unlike the previous Chapters in which membranes are folded into static 
structures by material stress, here the structure is dynamic and deforms due to the stress caused 
by reacting with a target analyte. The work presented in this Chapter was done in collaboration 
with Wyatt Tenhaeff and Professor Karen Gleason from the Chemical Engineering Department 
who also developed the polymer deposition method used, called initiated-Chemical-Vapor-
Deposition (iCVD) [43]. 
  
5.1 3D micro-chemical sensor 
Chemical-sensing science is a field with many applications in industry, security, and defense. 
A multitude of detection mechanisms exist, but many are only applicable to very specific 
situations. Generally, effective chemical sensing needs to be highly selective to a target analyte 
and result in a large electrical response. Here I demonstrate a sensing mechanism that achieves 
high selectivity because it relies on covalent bond formation and achieves a large electrical 
resistance change because of its design as an electro-mechanical switch. The sensor uses a 
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maleic anhydride polymer to detect amines (NH2 functionality) with an output signal of a six-
order-of-magnitude resistance change. Amine detection is important for industrial and 
environmental monitoring, food-quality control, and diagnosis of certain diseases [44]. Low 
concentrations of aliphatic and aromatic amines can also cause toxicological responses [45].  
5.1.1 Sensing Mechanism 
Transducing a chemical response into an electrical response can be done most directly with a 
chemiresistive polymer, in which the reaction either acts to dope or undope a semiconducting 
polymer [46] or cause a conductivity change by swelling a partially conductive polymer [47]. 
However, these methods suffer from lack of analyte specificity, offer small resistance changes 
and draw continuous power. Instead, an intermediate transduction step, often optical or 
mechanical, is used. Micro-cantilevers are a common platform for transducing the chemical 
response into a mechanical one. One surface of the cantilever is coated with a material (often a 
polymer) that the target chemical will interact with, typically through absorption (swelling) or 
reaction. The interaction creates a stress that causes the cantilever to bend. Existing methods rely 
on measuring small cantilever deflections of less than a few microns [48] or measuring 
resonance-frequency changes due to a mass increase. In order to measure these small changes, 
optical [49], piezoelectric [50], piezoresistive [51] or capacitive [52] schemes are employed. 
These measurements are susceptible to ambient interference and require additional power-
consuming electronic circuitry. In contrast, we obtain large cantilever deflection of over 50 µm 
because we use a polymer that stresses with greater magnitude and because the cantilever is very 
thin (100 nm). The large deflection allows the cantilever to act as a switch. 
In addition to an improved transduction scheme, sensing selectivity is improved by using 
iCVD [43]. iCVD enables one to design the deposited polymer with specific functional groups 
that will chemically react with the target analyte. Several choices of functional monomers are 
available, meaning that many classes of compounds can be sensed. Here we use maleic 
anhydride (Ma) polymer, which enables the detection of amines; hexylamine is used as a test 
analyte in this study. 
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5.1.2 3D Switch Design 
The sensor design was inspired by the 180o folds featured in Figures 3-7 and 4-14 along with 
results that Wyatt had obtained showing that he could deposit a polymer film capable of swelling 
nearly 100% after reacting with a specific molecule. We realized that the polymer, if deposited 
onto a cantilever to form a bilayer, would cause it to bend after reacting and swelling (and 
stressing). This could be used to create a dynamic origami structure with sensing functionality. 
Our first design for the sensor is shown in Figure 5-1, it is effectively a switch. This architecture 
provides a large electrical resistance response, and consumes nearly zero power while it is 
sensing (because it is an open circuit). 
 
          (a)     (b)          (c) 
Figure 5-1: (color) (a) Fabrication on a membrane. The metal wires are interdigitated to form an 
open circuit. (b) After fabrication, the device is folded by helium implantation using the methods 
of Chapter 4. Fold angle control within 10o is necessary. (c) After reacting with the target 
analyte, the polymer strains forcing the outer cantilever to bend up so the inner cantilever bends 
down. The metal tip contacts and short circuits the wire pad.  
5.1.3 Polymer Stress-Engineering 
The sensor concept relies on creating as much stress in the polymer as possible from the 
reaction to maximize the resulting cantilever curvature. The amount of stress induced by the 
reaction depends on the degree of cross-linking in the polymer. This is intuitively understood 
because upon reacting with the analyte the polymer increases its mass, causing stress. If it is only 
lightly crosslinked, it will expand to relieve the stress, however if it is glassy (highly 
crosslinked), it cannot easily expand and remains in a state of stress. We model the strain that 
forms by 
 
3 3 1ex sf ex
sf sf
v v v
v v
ε −= = −                                                   (5.1) 
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where ε is planar strain, vex is the actual molar volume of the reacted-polymer film, and vsf is 
the molar volume the polymer in a stress-free state.  The stress-free state is a theoretical 
condition in which the polymer is able to freely expand without limitations imposed by the 
crosslinks. Equation 5.1 is derived assuming the polymer volume expands only in the direction 
normal to the surface, while the expansion in the lateral dimension is constrained by adhesion to 
the substrate. It is clear from this equation that greater strain will develop with increased 
crosslinking density since this limits volume expansion.  Also, increasing size of the analyte will 
increase vex and therefore the strain magnitude.  
With iCVD, the degree of crosslinking is accurately controlled by the ratio of cross-linker 
monomer to functional monomer [53]. Therefore we can compare two polymers: poly(maleic 
anhydride-co-vinyl pyrrolidone-co-di(ethylene glycol) divinyl ether) (pMaVD) and poly(maleic 
anhydride-alt-di(ethylene glycol) divinyl ether)) (pMaD). X-ray photoelectron spectroscopy 
(XPS) shows that pMaVD is 53.4% maleic anhydride, 35.7% vinyl pyrrolidone, and 10.9% 
Dedve (di(ethylene glycol) divinyl ether), while pMaD is 60.5% maleic anhydride and 39.5% 
Dedve. The degree of crosslinking is determined by the concentration of Dedve. Figure 5-2 
shows images of cantilevers coated with these two polymers before and after the reaction with 
hexylamine. There is little observable deflection of the cantilevers coated with pMaVD, while 
significant deflection occurs with pMaD. This is because pMaVD relieves most of the stress 
from the added mass of hexylamine by expanding, while the more cross-linked pMaD cannot 
expand and instead relieves stress by bending the cantilever. One side-effect of a high degree of 
cross-linking is that it slows down the analyte diffusion through the polymer. In this test, FTIR 
measurements revealed that after one hour of exposure to hexylamine, only 49% of the Ma in the 
pMaD sample reacted compared to 95% in the pMaVD sample. The pMaD reacted less because 
its greater degree of crosslinking lowered the hexylamine diffusion rate. Thus, there is a tradeoff 
between increased stress from greater crosslinking and less reacted polymer due to lower 
diffusion rates. In making a prototype device, we did not optimize this value and used the same 
pMaD polymer (comprising 39.5% cross-linker). 
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Figure 5-2: Comparison of stress formation in lightly and highly crosslinked maleic anhydride 
polymer after reacting with hexylamine. 100 nm thick silicon nitride cantilevers are coated with 
iCVD polymer on their under-sides. Compressive stress within the polymer causes the 
cantilevers to bend upwards; the amount of stress determines the curvature. In (b) the cantilevers 
are initially bent due to intrinsic stress within the polymer from deposition, whereas in (e) there 
is very little initial stress in the polymer (desired). In both cases, the hexylamine reaction lasted 
for 60 min, at a concentration of 0.87% in atmosphere, at 40 oC. The pMaVD expanded by 102% 
and stressed minimally while the pMaD expanded by 32% and stressed significantly as 
evidenced by the increased curvature. 
 
Assuming that the reaction goes to completion and the polymer layer is uniformly elastically 
stressed, the cantilever curvature k is given by Eq. 1.4. Material parameters for this experiment 
are: plate modulus E1=300 GPa for silicon nitride, E2=5 GPa (estimated) for the polymer, and 
silicon nitride thickness t1=100 nm. Given a fixed amount of stress σ from the reaction, the 
cantilever curvature (and hence deflection) is maximized by choosing the optimal polymer layer 
thickness, t2. For these parameters, a polymer thickness between 200-300 nm produces a near-
maximized curvature. Since we knew that the reaction would be diffusion limited at those 
thicknesses (based on data from Figure 5-2), in making a prototype device we used a 75 nm thick 
polymer layer. 
Another important consideration in maximizing cantilever curvature is that there must be 
good adhesion between the polymer and cantilever surfaces. Prior to polymer deposition, the 
cantilevers are primed with a monolayer of 3-aminopropyldimethylethoxysilane (C10H21N2O6Si) 
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in a vapor chamber (60 °C). This converts the nitrogen terminated surface of the cantilever to an 
amino terminated surface to which the polymer can strongly bond. 
5.1.4 Sensor Fabrication 
The main challenge in fabricating the sensor was to figure out how to pattern the polymer 
and integrate it into the rest of the device fabrication. Tests to see which fabrication processes 
adversely affected the pMaD showed that its functionality deteriorated as a result of nearly every 
process except solvent rinsing. Therefore we concluded that the pMaD should be patterned by 
liftoff after the rest of the fabrication was complete. Remarkably, I discovered that it is possible 
to spin coat and pattern photoresist on top of a free-standing cantilever. Provided that the 
cantilever border is less than about 10 µm wide, the photoresist will flow over it as though it 
were a solid surface.  
 
Figure 5-3: The etched border around each cantilever is 4 µm. Photoresist was spun, exposed 
with a 4 µm pitch grating and developed on top of the cantilevers without any problems. 
 
The next challenge was to liftoff the pMaD, since it is deposited by iCVD. The conformality 
of the deposition can be somewhat controlled by adjusting the surface concentrations of the 
monomers and initiator[54]. The least conformal deposition is obtained by using a low initiator 
flow rate and high monomer surface concentration so that the coverage becomes similar to that 
of sputtering. However, liftoff over standard positive resist failed because the pMaD had coated 
the sidewalls. To successfully liftoff the pMaD, I used a bilayer resist stack of Shipley 1813 
(positive resist) on top of polymethylglutarimide (PMGI, a base-dissolvable polymer). Extending 
the development time of the 1813 after exposure controls the undercut distance of the PMGI 
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layer, forming a “T” sidewall profile. Figure 5-4 shows that the iCVD deposition did not coat the 
underside of the “T,” allowing successful liftoff in heated n-methylpyrrolidone (NMP). 
 
Figure 5-4: Cross-section SEM of the sidewall profile of the bilayer resist stack after an iCVD 
coating of pMaD. The coverage is similar to that of sputtering. After liftoff, the pMaD on the left 
remains.  
 
The full sensor fabrication process consists of patterning the metal wires and contact pad 
(20 nm of evaporated gold) by liftoff, etching the cantilever shape, patterning the polymer, and 
then folding the structure ~170o using HeFIB implantation from the backside (as done in Figure 
4-14). Figure 5-5 is an overhead microscope view of the fabrication prior to lifting off the 
polymer. 
 
Figure 5-5: The sensor prior to polymer deposition and liftoff. Patterning the photoresist directly 
on the freestanding cantilever was successful. 
 
After the polymer liftoff step, and prior to actually folding the device by HeFIB implantation, 
we reacted it with hexylamine to test if it worked. Figure 5-6 shows the before and after reaction 
images, taken using an environmental SEM (eSEM). All images of the pMaD polymer have to 
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be taken in an eSEM at high water vapor pressures because in a strong vacuum the pMaD 
experiences a large tensile stress for unknown reasons. 
 
Figure 5-6: Testing the device verified that the concept should work (the gold contact pad has 
moved upwards by about 5 µm), but requires longer polymer pads to create a larger deflection 
angle after the reaction. Images taken at 45o tilt. 
 
Instead of repeating the fabrication process with a longer cantilever, as the results of Figure 
5-6 suggest to do, I came up with a simpler fabrication process discussed in the next Section. It is 
based on the realization that most folded structures consisting of a single 180o fold can also be 
made by membrane stacking. 
5.1.5 Simplified Sensor Design 
The challenging fabrication process of the previous Section (requiring three aligned 
photolithography steps) can be simplified enormously using a membrane stacking approach 
rather than membrane folding because it allows the cantilever to be made separately from the 
interdigitated wire portion and eliminates the need for any aligned lithography. The cantilever is 
made by etching out of a silicon nitride membrane as before, but the entire top side is coated 
with 5 nm gold, and the entire backside with 75 nm of pMaD. The device is assembled as shown 
in Figure 5-7. 
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Figure 5-7: Simplified fabrication process. The polymer spacer layer is a layer of 3 µm thick 
photoresist exposed and developed over the wires to maintain separation between the gold coated 
cantilever prior to reaction. 
 
The wire pad is now made on a thick substrate rather than a membrane, and can be reused 
multiple times by placing a fresh cantilever sample onto it as needed (since the polymer reaction 
is one-way due to covalent bonding, this makes testing easier).  
5.1.6 Sensor Test Results 
The assembled sensor, before and after reacting with hexylamine, is shown in Figure 5-8. 
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Figure 5-8: Environmental-SEM images of an assembled device (a) before reaction (b) after 
reaction. Cantilever dimensions are 50 µm long by 20 µm wide by 100 nm thick. Through the 
etched C-shape portion, the interdigitated gold wires on the substrate below are visible. The 
visible side of the cantilever is coated with iCVD polymer, and the other side with gold. In (b), 
the polymer is wrinkled due to the large stress from the reaction. 
 
We tested the sensors in a vapor chamber constructed from an aluminum block bolted to a 
temperature controlled stage with a cavity for vapor introduction and head space. The stage was 
maintained at 40 °C, and the chamber filled with nitrogen at atmospheric pressure. Another 
nitrogen line was bubbled through liquid hexylamine, where it became saturated with 
hexylamine vapor. The flow of this stream was controlled to adjust analyte concentrations within 
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the chamber. During each experiment, the sensor resistance was logged with a multimeter. 
Resistance vs time plots are shown in Figure 5-9 for four different hexylamine concentrations.  
 
Figure 5-9: Resistance-response data of 100 µm long devices to several concentrations of 
hexylamine gas. Each trace is for a separate device (because the reaction is irreversible). The 
initial resistance actually exceeds the shown value of 500 MΩ which is the maximum resistance 
our ohmmeter could measure. The tests take place in a nitrogen gas chamber, and hexylamine 
gas is flowed in at time = 0 at the indicated concentrations. The cantilevers start bending 
downwards immediately as the hexylamine is introduced, but the resistance drop does not occur 
until the cantilever actually touches the wire pad below. At this point the resistance drops sharply 
and continues to fall slightly as the reaction proceeds, creating more forceful contact. Three 
devices were tested for selectivity by exposure to heptane, 2-propanol, and water vapor for 700 
minutes. These traces all follow the indicated horizontal line at 500 MΩ because none of them 
reacted sufficiently to short the circuit. 
 
In all cases, the electrical response exhibits a drop of several orders of magnitude as one 
would expect from a contact switch. The response time τ of the sensor is inversely proportional 
to the gas concentration and given the data in Figure 4 fits to a power law of 1.30.004 Xτ −= ⋅  
where X is hexylamine concentration. At 9 parts per thousand of hexylamine in nitrogen, the 
response time is under two minutes and increases to about 700 minutes for a concentration of 90 
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parts per million. Devices were also tested for selectivity to hexylamine by exposure to nitrogen 
streams saturated with heptane, 2-propanol, and water. The resistance did not drop over each 12 
hr test. Because chemical reactions are responsible for creating stress, the device is insensitive to 
chemicals that do not react with maleic anhydride.   
After reacting the devices with hexylamine, we exposed them to 100% nitrogen for 24 hours 
and observed that the resistance remained constant, indicating that the cantilevers remained 
stressed and bent. The tradeoff of attaining high selectivity by chemical binding is that each 
switch can only be used once and must be replaced afterwards. However, this is compensated for 
by the simple design and fabrication which result in a low manufacturing cost. 
5.1.7 Selectivity and Sensitivity Improvements 
The response times in our present experiments are slow for most applications, but can be 
improved by optimizing the cantilever geometry to make it more compliant. Given a cantilever 
of length l, held a fixed distance h above the electrode wires, it is required to bend with curvature 
k, where k=h/l2, in order to short circuit the electrode wires. (To arrive at this expression, we 
assume that   because the curvature is small when h<<l). Therefore, increasing the length of the 
cantilever reduces the required curvature by a square law. According to Eq. 1.4, the curvature is 
also proportional to the stress in the film, which in turn is proportional the fraction of reacted 
polymer. Since less polymer mass is required to react, the response time decreases as well. A 
simple improvement to the current device is to elongate the cantilever by a factor of 10, which 
should improve the response time by about a factor of 100. In addition, Eq. 2.1 shows that the 
stress required to achieve a given curvature scales linearly as cantilever and polymer thicknesses 
are scaled linearly. Using 50 nm thick (instead of 100 nm thick) cantilevers would reduce the 
response time by another factor of 2. With these two improvements, the response time at 90 ppm 
of hexylamine should drop from 700 minutes to about 3.5 minutes. 
The fundamental sensitivity limitation of this sensing method stems from the requirement 
that a certain volume of polymer must react to produce enough stress to sufficiently deflect the 
cantilever. In our present experiments, the sensitivity is diffusion limited because the polymer is 
75 nm thick. The optimal device would fully actuate upon reaction of just one monolayer of 
polymer on the cantilever so that it is not diffusion limited but mass transfer limited. The flux of 
gas molecules F (molecules/area/sec) to a surface is 
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where P is the partial pressure, m is the mass of the molecule, kB is Boltzmann’s constant, and T 
is temperature. At hexylamine concentrations of 1 ppb, the flux is approximately 1 nm-2 s-1. The 
surface density of the maleic anhydride functional group has been estimated to be 1 nm-2. 
Assuming all of the hexylamine molecules striking the surface stick and diffuse quickly to a 
maleic anhydride group, one hexylamine molecule encounters an anhydride group every second 
and the response time should be on the order of seconds. 
To discriminate between analytes in a given class of chemical compounds, an array of 
cantilevers with varying aspect ratios can be coated. Analytes with large volumes will create 
enough stress to deflect all of the cantilevers, while smaller analytes will create only enough 
stress to deflect the longest cantilevers. To discriminate between classes of chemicals, multiple 
polymers with differing functionalities can be deposited. In order to pattern multiple cantilevers 
on the same chip with different polymers, a negative tone process such as liftoff (or shadow 
masking) must be used. 
5.1.8 Nanopatterning the Polymer 
The lightly crosslinked pMaVD, which expands by over 100% upon reacting, can also be 
used as a switch-type sensor. One potential design is shown in Figure 5-10, in which the polymer 
expansion forces a metal contact to short circuit a wire pad. 
 
Figure 5-10: (a) The polymer is nanopatterned into thin tall lines so that the chemical reaction 
takes place over maximum area and is not diffusion limited. (b) The polymer expands by 100%, 
shorting the metal contacts. 
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Because the pMaVD is compatible only with solvent processing, one of the few photoresist 
that can be processed on top of it is polymethylmethacrylate (PMMA) because it is developed in 
solvents. PMMA is compatible with scanning electron beam lithography (SEBL), making it easy 
to test this concept experimentally.  
Fabrication details are as follows: Deposit 800 nm pMaVD by initiated chemical vapor 
deposition. Spin 300 nm PMMA on top of polymer. Hotplate bake 180 oC for 120 sec. Spin 
60 nm Aquasave (conductive polymer) on top, hotplate bake 90 oC for 60 sec. SEBL (at 10 keV) 
of single-pixel lines to define pattern using a dose of 150 pC/cm. (The Aquasave did not work to 
prevent charging. Despite this, the write worked fine. In the future a 5 nm Al layer would be 
better.) Rinse in water to remove Aquasave, develop in 2:1 IPA:MIBK for 60-120 sec. Rinse in 
IPA for 15 sec, blow dry with nitrogen. Evaporate 40 nm nickel, and liftoff in NMP (65 oC, 
30 min). Etch polymer with nickel mask in O2 plasma RIE (pressure 6 mTorr, 150 W power, 
200 V bias, 8 min to etch the 1 µm polymer) to form high aspect-ratio lines with a metal top. 
The fabricated samples were tested by reaction with hexylamine, and the results are shown in 
Figure 5-11. Instead of expanding vertically, the polymer mostly expands laterally. 
 
Figure 5-11: (left) Patterned pMaVD before reacting with hexylamine. (right) After the reaction, 
the polymer expands mostly laterally (about 50-100%) and only about 10-20% vertically. 
 
Anisotropic vertical expansion occurs for thin films bonded to large flat substrates when the 
length and width of the bonded area is much greater than the film thickness; significant 
expansion simply cannot occur laterally because of the substrate attachment. However, here the 
polymer is only attached to the substrate by a 90 nm wide area and is 800 nm tall. Therefore it is 
reasonable for the polymer to expand mostly laterally instead of vertically. One possible method 
of forcing anisotropic expansion is to deposit the pMaVD in an alternating stack with another 
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glassy polymer (about 80 nm pMaVD, 10 nm glassy polymer per repeat unit). The glassy 
polymer will not deform, thus each 80 nm block of pMaVD can effectively be thought of as a 
thin film attached to a flat substrate and should only expand vertically.  
5.1.9 Summary 
We demonstrated a low-power, selective chemical sensor, based on the formation of stress in 
cross-linked polymer films covalently attached to thin silicon-nitride cantilevers. The value of 
this work is the demonstration of a sensing mechanism with simple signal interpretation, inspired 
by Nanostructured OrigamiTM, and the demonstration of enhanced stress formation in highly 
cross-linked films, enabled by iCVD. 
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Chapter 6  
Additional Applications of Membrane Folding 
One of the first applications we envisioned for membrane folding is 3D photonic crystal 
fabrication. Each layer of the photonic crystal would be patterned on a flat membrane in a single 
step (including arbitrary defects), and then the entire crystal would fold up in a self-assembling 
manner. Although I have not yet achieved this goal, I have addressed the issue of inter-layer 
alignment and my solution is presented in Section 6.1.1. Certain 2D photonic crystals can benefit 
from a folded membrane fabrication approach, in particular the design described in Section 6.1.2 
which permits mechanical tuning of a waveguide within the 2D crystal. Here, membrane folding 
offers a more robust tuning scheme (for controlling the speed of light at a given frequency within 
the waveguide), and provides an index-matched superstrate cladding on top of the crystal. 
Moving to the electronics domain, Section 6.2 presents the design for an on-chip 3D micro-
inductor that may have applications to wireless communications and magnetic resonance 
imaging. 
6.1 3D Optical Structures 
Structuring materials at the nanoscale allows control over the interaction between light and 
matter. This emerging research area is known as nanophotonics. Most of the current 
experimental work is done with 2D nanostructuring; however, the most interesting effects occur 
with 3D structuring. The length scale of features that need to be created is of the order of λ/10. 
For optical and infra-red applications, this size can also be the thickness of a membrane. 
Therefore, a set of nanopatterned membranes can be stacked to form an arbitrarily-
nanostructured 3D material, one particularly useful example being a 3D photonic crystal with 
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designed defects [55]. One way to make this stack is by membrane folding with accurate inter-
layer alignment. Section 6.1.1 presents such an alignment method based on the attractive force 
between nanomagnets. Work is currently ongoing to refine this alignment method and will be the 
subject of the upcoming thesis of Tony Nichol. Section 6.1.2 presents a tunable 2D photonic 
crystal waveguide that can be made by membrane folding. This idea is an outgrowth of research 
done by Tian et al. [56]. Finally, Section 6.1.3 discusses an approach to fabricating very thick 
(10-100’s µm) 3D optical structures by patterning thick layers on top of a membrane and folding 
them together. The focus of Section 6.1.3 is an optical method for patterning the thick layers. 
6.1.1 Membrane Self-alignment by Nanomagnetic forces 
Several large-bandgap 3D photonic-crystal designs can be made out of discrete layers. 
Applications range from telecommunications to optical logic [57]. Qi et al. [55] demonstrated a 
layer-by-layer fabrication approach to building such a crystal, and also showed that it is 
straightforward to introduce a defect into a single layer of the crystal to alter its optical 
properties. The downside of their fabrication approach is that is very slow and difficult, and each 
layer must be deposited and patterned on top of all the previously patterned layers. Among other 
challenges, the yield decreases exponentially with the number of layers. The same structure 
could be made out of separately patterned membranes and folded into a stack, as shown in Figure 
6-1. Along the same lines, membrane stacking is also being investigated as a potential photonic 
crystal fabrication approach [58]. 
 
Figure 6-1: (left) A set of adjacent membranes nanopatterned with the discrete layers of a 3D 
photonic crystal with a single lithographic step. Another two lithography steps pattern stress-
areas into the hinges (for both up and down folding). (right) After release, the membranes self-
assemble into a 3D photonic crystal. 
 
The advantages of this approach are that every layer can be patterned at once, and inspected 
for defects before being folded. However, a critical requirement of this approach is that each 
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layer must be accurately aligned to the layer underneath it to within λ/20 or better, which is 
50 nm for infra-red applications. As a solution to this problem I conceived a membrane 
alignment system based on patterning membranes with nanomagnets such that the magnetic 
forces cause the membranes to self-align when they are folded into close proximity. This idea 
has been researched and proven by my colleague Tony Nichol, and will be the subject of his 
upcoming thesis. The results I show in this Section are his work. 
The magnetic alignment method works because individual membranes can be made 
compliant enough to respond to μN-scale magnetic forces by directly micromachining flexures 
into the membranes. Thus, the method is applicable to aligning membranes brought together 
either by folding or stacking. In the simplest form, the magnetic material is bar-magnets 
magnetized along their long axis, with attractive forces generated primarily between nearby 
north- and south-pole ends. Figures 6-2 and 6-3 illustrate several ways in which magnetic 
alignment can be achieved. Many more viable configurations exist and we do not yet know 
which configuration will minimize the alignment error. The nanomagnets behave identically to 
macro-scale magnets with one key difference; they will not magnetize along a dimension smaller 
than about 100 nm. Therefore, if they are made with thickness and width < 100 nm, but a length 
of several µm, they will always magnetize along their long axis in the presence of an external 
magnetic field, even if that field is not parallel to their long axis. This principle can be used to 
fold membranes in the presence of a rotating external magnetic field, because of the torque 
generated on a nanomagnet when the external field is not parallel to its long axis. Membranes 
folded magnetically as described can also be aligned in a single-step process shown in Figure 
6-3. In this case, once the membranes are folded sufficiently close to each other the interaction 
force between nearby nanomagnets greatly exceeds their interaction force with the external 
magnetic field, allowing them to align. 
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Figure 6-2: A magnetic alignment scheme based upon the attractive force between opposing bar-
magnets magnetized in-plane along their long axis. In (a) and (b), the membranes are brought 
together by folding, whereas in (c) a separately fabricated and magnetized membrane is brought 
into proximity with a positioning tool.  
 
Figure 6-3: A method for both folding and aligning a membrane with magnetic forces. The 
membrane on the left is fixed to a substrate, while the membrane on the right is free-standing and 
connected by a complaint hinge. (b) An external field is rotated 180o (starting pointing to the 
right and finishing pointing to the left), causing the freestanding membrane to rotate. (c) Once 
the magnets get close enough, the inter-magnetic forces dominate and the magnets snap into 
alignment. 
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The alignment schemes shown in Figures 6-2c and 6-3 were tested experimentally. We were 
unable to validate the former due to fabrication challenges in making the compliant flexure. 
These challenges were overcome during fabrication of the latter scheme and resulted in a 
successful demonstration of alignment. The final flexure design is shown in Figure 6-4. It is stiff 
enough to hold the attached membrane, but complaint enough to deform under the nanomagnet 
forces and allow both folding and alignment. The membrane was folded and aligned by rotating 
an external magnet by hand. The membrane remained locked in place after removing the field. 
Figure 6-5 shows an overhead image of the aligned structure (without the presence of the 
external field), demonstrating roughly 200 nm alignment error. In this experiment the magnet 
length and width were 5x1 µm. Decreasing these dimensions to 500x100 nm magnets achieves 
sub-50 nm alignment. 
 
Figure 6-4: Overhead SEM image before folding and alignment. The membrane (bottom half) is 
connected to the substrate (top half) by the flexure in the middle. The flexure arms are about 
100 µm long by 200 nm wide by 1 µm deep (the membrane thickness). Note that both the 
membrane and the substrate have identical arrays of magnets on them. Courtesy of Tony Nichol. 
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Figure 6-5: Overhead SEM image after folding and alignment. The membrane has been folded 
over from the left, onto the substrate. The folded flexure is partially visible at the left end of the 
folded membrane. The rows of membrane and substrate nanomagnets (indicated) have self-
aligned and are partially visible through the silicon nitride membrane. Courtesy of Tony Nichol. 
 
The experiment presented in Figures 6-4 and 6-5 was done using 1 µm thick silicon-nitride 
membranes, onto which arrays of 5x1 µm bar magnets were patterned by scanning-electron-
beam-lithography (SEBL), metal evaporation and liftoff. The magnets are a stack of 3 nm 
titanium (for adhesion), 60 nm cobalt (magnetic material) and 5 nm gold (to prevent oxidation). 
A 20 nm thick layer of chromium was evaporated onto the membranes, and patterned into the 
outline of the membrane and flexure by SEBL and wet etching. The chromium served as a 
hardmask for the subsequent CF4 RIE to etch the silicon nitride membrane, forming the flexure 
and free-standing portion. After etching through the 1 µm membrane, the chromium mask was 
mostly removed by sputtering. At this point the external magnet was used to fold and align the 
membrane. 
6.1.2 A Mechanically-Tunable 2D Photonic Crystal Waveguide 
A row of missing dielectric cylinders in a 2D photonic crystal can act as a waveguide for 
light. Tian et al. [56] examined the situation in which a perfect 2D photonic crystal slab is 
sheared along a row of cylinders. This creates a waveguide with the interesting property that the 
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speed of light propagating through the waveguide, and the allowed modes, depend on the amount 
of shear.  
 
Figure 6-6: After [56]. (a) Top-down view of a 2D photonic crystal comprising dielectric 
cylinders on a square grid in air. The crystal has lattice constant a and rod radius r=0.2a. (b) 
Top-down view of the crystal being sheared in the y-plane. The shear distance is s, and here I 
only consider shearing a row directly down its center such that the distance h=r. (c) The two 
optical modes above and below the bandgap of the crystal for increasing shear amounts, plotted 
along the X direction in frequency space. When the shear=0a, no modes exist within the 
bandgap. As the shear increases, the modes pull together, and at a shear of 0.5a, all frequencies 
within the bandgap can propagate along the shear while being confined by the bulk crystal. (d) A 
FDTD simulation of an optical pulse propagating through a sheared crystal, the electric and 
magnetic field amplitudes are indicated by grayscale shading (the pulse is located about ¾ of the 
way from A to B). 
 
Figure 6-6a,b illustrates a sheared 2D photonic crystal, Figure 6-6c shows how a mode 
develops within the bandgap as the shear is increased, and Figure 6-6d shows a finite-difference-
time-domain (FDTD) optical simulation of a pulse propagating through such a sheared photonic 
crystal. At the X point in frequency space (wavelength of a/2), all the bands flatten out, meaning 
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that the propagation speed is drastically decreased in the corresponding frequency range. One 
explanation for why this occurs is that the bands must be both symmetric about X (due to crystal 
periodicity) and analytic. Unless two bands cross at exactly X, they must have zero slope there. 
The ability to slow down light at tunable frequencies is useful in many telecommunications 
applications such as buffers and switches. 
Fabricating a shear-able 2D photonic crystal as shown in Figure 6-6a,b would be exceedingly 
difficult using a surface micro-machining process, especially since it requires a large moving part 
that has to slide against a fixed surface and remain in contact. There will be a lot of friction and 
any vertical motion will severely affect the waveguide confinement. An alternate approach is to 
fabricate by folding over a membrane. Either the membrane or the substrate would still need a 
lateral displacement actuator, however, instead of two large plates sliding against each other now 
the plates are on top of each other, separated by the photonic crystal cylinders. This fabrication 
approach provides several additional advantages with respect to the sheared defect row design. 
First, the folded membrane provides a superstrate that is index-matched to the substrate for better 
vertical confinement. Second, it eliminates the need to shear the entire half-crystal. Only a row of 
half-cylinders needs to be on the membrane and move. Third, it allows for modification of the 
defect half-row (i.e. half-cylinders) shape. Instead of cutting a 2D photonic crystal in half, the 
defect half-rows are fabricated separately (one within the bulk crystal, and one on the adjacent 
membrane). Therefore, they can be patterned into shapes other than half-cylinders that are easier 
to fabricate and less sensitive to transverse alignment or displacement errors. Figure 6-7 
illustrates the membrane folding fabrication concept. Although it shows a waveguide terminating 
at the folded hinge, a proper (and equally feasible) design would route the waveguide in the 
orthogonal direction (parallel to the hinge) so that it could interface optical interconnects on the 
rest of the chip. 
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Figure 6-7: Membrane folding approach to fabricating a shear-tunable 2D photonic crystal. (a) 
The bulk crystal consists of silicon (high index) rods on an SiO2 (low index) substrate. Within 
the bulk crystal, one row consists of half-cylinders, or other shaped defects. On the adjoining 
membrane, the complementary row of half-cylinders is fabricated. (b) Once folded over, the SiO2 
cladding is both above and below the 2D crystal for high confinement. Not shown are MEMS 
actuators that permit accurate lateral motion (indicated by the arrows) to tune the shear amount. 
 
As mentioned above, perfect half-cylinders are not required for this device to function. It is 
not the shape of the sheared cylinders that causes the modes to appear but rather the change in 
periodicity of dielectric along the shear-row. Halving the periodicity of a photonic crystal (which 
is roughly what occurs at s=0.5a) doubles the frequency location of its bandgap, and propagating 
modes move into the frequency range corresponding to the crystal’s original bandgap location. 
That is effectively what is happening within the shear-row; therefore the shape of the half-
cylinders can be modified and still result in a tunable waveguide. The only constraint is that the 
defect-row in its unsheared condition should resemble the cylinders of the bulk crystal to 
maximize the initial bandgap, and therefore tuning range. I used an eigenmode solver called MIT 
Photonic Bands (MPB) [59] to calculate the optical bandstructure of sheared 2D photonic crystal 
with various defect-row designs, in order to maximize the tunable range and minimize the 
sensitivity to accidental displacements orthogonal to the shear direction. In the following 
analysis, the tunable range is quoted as a percentage equal to the range of useful tunable 
frequencies within the original perfect crystal bandgap divided by the center frequency of the 
 107
original perfect crystal bandgap. The bandgap of the perfect crystal ranges from 0.64πc/a to 
0.88πc/a (where c is the speed of light in vacuum) with a center frequency of 0.76πc/a. Useful 
tunable frequencies are those which for some shear value, light will propagate only at the 
bandedge X where it has near zero group velocity. For the perfect sheared-crystal, the tunable 
range is 32%. Figure 6-8 presents the simplest modification to the perfect shear-crystal concept, 
in which only a half-defect-row is moved and the defects are ovals rather than half-cylinders. 
(Ovals, and shapes with rounded boundaries are the easiest to fabricate in practice).  
  
Figure 6-8: (left) Illustration of the sheared crystal configuration used to simulate only shearing 
half of the defect-row rather than the full crystal. (right) Bandstructure of the two modes above 
and below the bandgap for varying shears. The useful tunable frequencies are indicated and 
correspond to a tunable range of 29%. 
 
If this device were fabricated, it may suffer from misalignment or accidental displacement of 
the sheared half-row. The effect on tunable range is analyzed in Figure 6-9, and is quite severe at 
a gap of 0.2a. For an infra-red photonic crystal where a is approximately 500 nm, this 
corresponds to a 100 nm gap which is a realistic upper limit on the amount of gap error. In 
practice, the gap error may arise from misalignment of the half-row (positional and angular), 
variation in half-row feature sizes, and sidewall roughness.   
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Figure 6-9: (left) The crystal of Figure 6-8 analyzed for gap error, g. In this simulation the bulk 
crystal remained in place, only the half-row is sheared and gapped. (right) Bandstructure of the 
two modes above and below the bandgap for varying shears at a fixed gap of 0.2a. The tunable 
range has decreased to 16%. 
 
Membrane fabrication in which only the half-row is folded over allows an alternative 
configuration that avoids the gap problem. This configuration arises from the insight that it is no 
longer necessary to shear along a plane, rather, one set of features in the defect row can be 
translated arbitrarily by moving the membrane. If the loss of tunable range is being caused by 
opening a continuous air gap in the previous design, this can be avoided by using vertically 
oriented ovals as shown in Figure 6-10. 
  
Figure 6-10: (left) A modified shear-crystal design using vertical dielectric ovals. Only one of 
the half-rows is sheared and gapped for the simulation. (right) Bandstructure of the two modes 
above and below the bandgap for varying shears at a fixed gap of 0.2a. The tunable range is 
26%. 
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Although this modification to the design is purely based on intuition, it improves the tunable 
range nearly to that of the perfect half-crystal at gaps of 0.2a (about 100 nm for 
telecommunications wavelength applications). Further improvements may be made by iterative 
simulation optimization. 
6.1.3 Very Thick 3D Optical Structures 
Thus far the 3D optical structures presented range from two layers (for the sheared-crystal) to 
about 10 layers (for a 3D photonic crystal). The practical limit to number of layers that can be 
folded together is in the range of 10-100 layers, due to the large initial size of membrane required 
to start with. However, many interesting 3D optical structures are more volumetric and benefit 
from light interaction with an entire volume. One example is a Gradient-Refractive-INdex 
(GRIN) lens, typically millimeters in size. The GRIN can be decomposed into discrete layers, 
and is a simple starting point because each layer is identical, having a parabolic radial refractive 
index profile with a maximum at the center. Making a GRIN by folding together discrete layers 
requires each layer to be ten to hundreds of micrometers thick. The challenge here is how to 
nanopattern these thick layers. In the specific case of the GRIN, we require a dielectric of 
variable refractive index. Nano-voids within the dielectric will lower its average refractive index 
in proportion to the density of the voids. One method of patterning such voids into a polymer is 
two-photon lithography [60], in which a photopolymer that undergoes chemical reaction by 
absorbing photons of energy E is illuminated with photons of energy E/2 focused to a diffraction 
limited spot. The chemical reaction now occurs only with two photons (simultaneously), 
changing the absorption dependence from intensity (I) to I2. This functional change allows the 
beam to be scanned around the thick polymer in 3D and only expose the polymer near focused 
spot. Although capable of near-arbitrary 3D patterning, two-photon lithography is a slow (serial) 
process not well suited to large volumes. At least for the case of the GRIN lens, we do not 
require arbitrary 3D patterning and would like to sacrifice some patterning freedom for an 
improvement in fabrication speed. I discovered a method suitable for doing this with a single 
optical exposure, based on the Talbot effect [61]. The essence of this effect is that if a periodic 
amplitude or phase pattern (of period p) is illuminated by coherent light (of wavelength λ), an 
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image of that pattern appears in the optical field behind it, and repeats at integral multiples of a 
fixed distance d, where 22d p λ≈ .  
The Talbot effect has been used to make perfectly periodic 3D structures by exposing a 
photopolymer with coherent light through a periodic mask [62]. Images of the 2D mask are 
replicated in 3Dc and after developing the polymer a bi-continuous polymer-air scaffold is 
formed. Introducing point defects and other aberrations into the periodic mask only blur the 
optical intensity pattern and cannot be used to make non-periodic structures [62]. However, I 
found that low spatial frequency variations in the mask duty cycle can be replicated using this 
exposure technique. The optical field maintains the same lateral periodic spacing as the mask 
features but varies in intensity according to the duty cycle of the features. The wider an 
attenuating mask feature is (or larger the duty cycle), the darker the optical field behind said 
mask feature and vice versa. The minimum distance over which the duty cycle can be 
significantly varied (for example, from 25% to 75%) without blurring is approximately 10 mask 
periods according to optical simulation. I simulated optical exposures through such masks using 
the Huygens-Fresnel principle, which relates the optical field in a plane behind the mask to the 
field within the mask. I assume that the mask features are perfectly absorbing so that the field at 
the mask is binary. Then, the field U(x, y) in the plane at distance z behind the mask (located at 
z=0) is 
2 2 2
2 2 2
exp( ( ') ( ') )( , ; ) ( ', ';0) ' '
( ') ( ')
ik z x x y yizU x y z U x y dx dy
z x x y yλ
− + − + −= + − + −∫∫  [63] , 
where k is the wavevector. This integral is too complex to solve numerically for a large volume, 
so instead I used a Fourier space approach which is more computationally efficient. The spatial-
frequency transfer function of propagation through free space is given by  
2 2 2 2 1exp 2 1 ( ) ( )  , if 
( , ; )
0                                                     , otherwise            
x y x y
x y
zi f f f f
H f f z
π λ λλ λ
⎧ ⎛ ⎞− − − + <⎪ ⎜ ⎟= ⎝ ⎠⎨⎪⎩
 [63], 
therefore the frequencies at a given z-plane are found by multiplying the Fourier transform of the 
field at the mask by the above transfer function. Taking the inverse Fourier transform of the 
product yields the field U(x, y) at that plane. This method is much faster because the transfer 
function can be computed for a given volume behind the mask, and does not depend on the 
actual mask. Then, finding the field within that volume only requires taking the Fourier 
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transform of the mask, multiplying by H(fx, fy), and inverse transforming. I implemented this 
method in Matlab to simulate optical exposures through various mask patterns. An example 
optical intensity pattern from exposing a perfectly periodic mask is shown in Figure 6-11, 
verifying the self-imaging effect. 
 
Figure 6-11: Numerical simulation of coherent exposure (λ=400 nm) through a mask with 50% 
duty cycle and period 500 nm. The optical field behind the mask has the same lateral periodicity, 
and a vertical periodicity of about 1250 nm (the vertical dimension is compressed in the image 
for clarity).  
 
Next I introduced linear gradients to the mask duty cycle to see if they would be reproduced 
in the optical field. Surprisingly, a linear gradient over a distance as small as 8 mask periods will 
transfer into the optical field behind the mask with minimal distortion. This result is shown in 
Figure 6-12, and also applies to gradients over larger distances as well. 
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Figure 6-12: Simulated optical exposure (λ=400 nm) through a mask with features spaced 
periodically apart by 500 nm, but having a duty cycle gradient from 25% to 75% over a span of 
4 µm in the center of the mask. The gradient translates into intensity of the optical field behind 
the mask, where larger duty cycle features produce lower intensity. After developing the 
photoresist (simulated), the resulting structure is bi-continuous (in 3D) with constant period but 
varying remaining polymer density. 
 
For comparison, Figure 6-13 shows that introducing a high spatial frequency variation does 
not work because it results in a blurred exposure. 
 
 
Figure 6-13: Simulated optical exposure (λ=400 nm) through a 500 nm period (50% duty cycle) 
mask with one mask feature removed. The result is a blurred exposure that is not useful for 
making a 3D nanostructure. 
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Therefore with this exposure technique, it is possible pattern a thick polymer with a 3D 
nanostructure having some 2D gradient. If the nanostructured polymer features are small enough 
(< λ/10), incident light onto the polymer responds to the local averaged refractive index of the 
polymer. Applying this concept to the GRIN lens example, we require a parabolic modulation in 
averaged refractive index. Figure 6-14 simulates the optical exposure and development of a 
photopolymer using a mask with a parabolic duty cycle modulation. 
 
Figure 6-14: Simulated optical exposure (λ=400 nm) through a mask with features spaced 
periodically apart by 500 nm, but having a parabolic duty cycle modulation from 25% to 75% to 
25% over a span of 44 µm, the width of the polymer. After development, the resulting structure 
clearly has a higher average refractive index in the center where the polymer density is highest. 
 
The practical limit on exposable polymer thickness is about 20-50 µm with this technique 
due to absorption within the polymer. Combined with a large-radius membrane folding technique 
(such as stressed metal described in Chapter 2), a stack of 10 layers will produce a 
nanostructured 3D material nearly 0.5 mm thick. This is sufficiently thick to act as a GRIN lens, 
among other applications. 
6.2 3D Micro-Inductor 
In wireless telephones, passive components are estimated to occupy 80% of the size and 70% 
of the cost of device, and this only increases as newer phones incorporate additional operation 
standards (Global System for Mobile communications, Bluetooth, Universal Mobile 
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Telecommunications System, etc) [64]. In additional to the component cost, significant 
additional cost comes from integrating these passive components in the assembly line after the 
rest of the integrated circuit is manufactured. Integrating the passive components using low-cost 
silicon fabrication is ideal, however, high quality components are needed to minimize insertion 
loss in radio frequency (RF) filters, reduce noise, and properly attenuate unwanted signals. 
Conventional silicon fabrication can only produce planar spiral inductors, which perform poorly 
due to low inductance, high parasitic capacitance between wires and the substrate, and magnetic 
coupling to the substrate causing eddy currents.  
Micro-inductors seem naturally suited to fabrication by Nanostructured OrigamiTM because 
large inductances are obtained only with 3D structures. However, designing a spiral loop in 3D 
from a flat membrane is not trivial, the main challenge being how to reconnect the spiraling wire 
back to the rest of the substrate. In 2003, Chua et al. [3] demonstrated a method of curling metal 
wires into hemi-cylinders with a stress-based approach, and electrically joined the curled wires 
by electroplating to create a 3D inductor (see Figure 6-15a). For integration into a 
complementary metal-oxide-semiconductor (CMOS) circuit, the entire inductor is made in a 
backend process after an insulating dielectric layer has been deposited. Scott et al. [65] 
demonstrate how a multi-layer surface micromachining process and electroplating can be used to 
make a 3D inductor (fabricated separately) and fluidically assembled it onto a CMOS circuit. 
Many similar 3D inductor fabrication techniques have been developed [66-73]. 
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                               (a)                         (b) 
Figure 6-15: (a) Stressed-metal wires curled into hemi-cylinders and electrically joined by 
electroplating copper (after Chua et al. [3]). (b) Multi-layer MEMS fabrication approach to 
fabricate a 3D inductor, which is then removed from the base and assembled fluidically onto 
another chip (after Scott et al. [65]). 
 
Aside from the difficulty of fabrication and assembly, the common drawback of all these 
methods is that they suffer from large parasitic capacitance between the inductor and substrate, 
limiting the maximum frequency at which one can obtain a large quality factor and feasibly 
operate. This is because the large area inductor is fabricated directly on top of the conductive 
substrate, with maximum spacing of a few micrometers of dielectric. Furthermore, at frequencies 
above 1 GHz, ferrite cores cannot be used to reduce inductor size due to high loss and low 
permeability [74]. Attaining high inductance values necessitates a large area inductor with many 
turns. 
I present here an inductor design and fabrication sequence that is both simple (does not 
involve electroplating) and achieves higher frequency operation by eliminating the parasitic 
capacitance. The wiring is patterned in a single step, and then folded into 3D with no need for 
reconnection or electroplating. A similar concept was independently developed by Gel et al. in 
2002 [75] but required manual assembly, and the inductor was still flat on the substrate. The 
method illustrated in Figure 6-16 folds automatically upon release using stress-folding principles, 
and the inductor can be folded to millimeter distances above the substrate simply by extending 
the length of the membrane segment connecting the base fold to the inductor. The inductor 
fabrication is done as a backend process after the rest of the chip is manufactured. A dielectric 
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buffer layer covers the already fabricated components, on top of which a sacrificial layer (ideally 
a polymer) and a membrane layer (ideally a low stress silicon nitride) are deposited. Contact vias 
are etched through all three layers so the inductor leads can make electrical contact to the 
underlying chip. From here, the fabrication sequence continues to Step 1 in Figure 6-16.  
 
Figure 6-16: (color) Step-by-step illustration of the fabrication process used to make a 3D 
inductor from a flat membrane. In this Figure, up and downward folds are indicated in highly 
localized regions, assuming the ion implantation technique of Chapter 4. However since the 
inductor wires need to be thick to minimize resistance, they cannot be folded this way and a 
more realistic design would use stressed-metal conductive wires as described in Chapter 2. Both 
tensile and compressive stress is required; evaporated Cr has tensile stress while evaporated Au 
has compressive stress. 
 
A simple model of the inductor is to include a resistor (R) in series with the inductor (L) and 
a capacitor (C) in parallel with the inductor and resistor. In this model, 
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where L is the inductance, μo the permeability of free space, A the area of the inductor coils 
(A=a2), b the wire width and space between adjacent wires, l the length of the long axis of the 
inductor indicated in Figure 6-16 (step 5), N the number of turns ( 2N l b= ), t the thickness of 
each wire, d the distance between the inductor and the substrate based on how high it is folded 
above the substrate (in Figure 6-16 d=0), λ is total wire length, a is the length indicated in Figure 
6-16, Cs is the capacitance between the inductor and the substrate (assuming it is rotated so the 
long axis of the inductor is perpendicular to the substrate normal, not as shown in Figure 6-16), 
Cw is the capacitance between the wires, R the resistance of the inductor, δ the skin depth of the 
wire, Q the quality factor. Here, Q is average difference in energy stored magnetically versus 
electrically multiplied by the frequency divided by the power dissipated each cycle. When 
C L  and  2oω ω< , LQ R
ω≈  and this approximation is used commonly to estimate the 
quality factor because the inductor is rarely operated outside these parameters. Also note that for 
large values of d (mm range), the substrate capacitance is very small. This is the primary 
advantage of folding an inductor high above the substrate. The skin depth δ will increase the 
resistance drastically if it becomes less than the wire thickness and width dimensions. In order to 
prevent this problem, and preserve the validity of the above calculation for R, the wire must be 
patterned as a group of individual wires (in parallel) with small gaps in between. 
There is enormous flexibility in choosing the values for inductor parameters, so that the 
design can be optimized to produce a high maximum inductance (μH range), maximum resonant 
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frequency (10-100’s GHz range), or quality factor (100’s range) at a given frequency. Below is a 
sample set of parameters that are not optimized for any one metric but show overall high 
performance.  
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The wire width b has the most effect on device performance. Increasing its value decreases 
the inductance L by a square law, but increases the resonant frequency and quality factor by a 
square law. To achieve an even higher Q, a can be reduced and the wire thickness t increased 
although these changes will reduce the resonant frequency fo. 
Inductors produced through this origami fabrication method with fo > 2-20 GHz and Q > 75 
are sufficiently high quality to be used as frequency filters for wireless communications devices. 
The inductors can also be made to have a very high inductance (μH), disregarding resonant 
frequency and quality factor, to be used at lower frequencies for on-chip voltage conversion. 
A third application is to micro-magnetic resonance imaging (MRI). In this application, cells 
are inserted into the inductor and imaged by MRI. It is a scaled down version of a macro-scale 
MRI system, operating as a tunable circuit in the 60-600 MHz range, with inductance values on 
the order of nH. Origami fabrication is ideally suited to making the micro-MRI system because it 
requires an arrangement of four inductors in 3D, which can be made by folding. An illustration 
of this arrangement is shown in Figure 6-17. 
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Figure 6-17: Illustration of how an on-chip micro-MRI system would be implemented. The 
rectangular boxes each represent a folded membrane inductor. The main coil, gradient-z and 
gradient-y coils are each folded so they rest on the substrate surface while the gradient-x coil is 
folded to be above the main coil. Microfluidic inlets and outlets feed into the main coil, which 
serves as a microfluidic channel in addition to being an inductor (the wire width and spacing 
should be less than the cell diameter i.e. 10 µm). An optical tweezer traps cells so they can be 
MR imaged. 
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Chapter 7  
Conclusion 
The ability to fabricate 3D nanopatterned structures opens a new dimension in microdevice 
design, enabling applications in electronics, photonics, chemical sensing and many other areas. 
The method of folding a nanopatterned membrane into 3D is analogous to origami, however 
instead of manual (mechanical) folding, the folding is done by creating localized stresses on the 
membrane. Stresses are created either by depositing a material such that it has an intrinsic stress, 
or by implanting the membrane with a large concentration of atoms. The study of helium 
implantation in Chapter 4 investigates higher doses than have been previously studied, and 
shows that implantation is capable of producing the largest material stresses and therefore the 
smallest fold radii. Helium implantation is well controlled, able to fold both up and down to any 
angle, and compatible with membranes of any material. It is well suited to building compact 3D 
structures (for example, Figure 4-16). The only limiting factor is equipment; at the moment, 
helium focused ion beams are not widely available because they are a new tool. In five years 
time, when most universities and research centers own these tools (as they are very useful for 
high-resolution microscopy as well), anyone who has an idea requiring a 3D architecture could 
quickly prototype it with the helium ion beam. Progression from research to manufacturing is 
achievable by switching to a high-current bulk implantation tool and using the membrane release 
method of Section 4.3.4.  
In the meantime, stress-engineering of deposited materials to achieve membrane folding has 
many practical applications. Stressed metals are well suited to electronic applications, because 
they can also act as conductive wires. One application is the 3D inductor described in Section 
6.2. Polymers designed to undergo large stresses upon reaction can be used for sensing, as 
demonstrated in Section 5.1. The polymer on this sensor is highly-crosslinked so that when it 
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reacts with hexylamine, it cannot expand and instead stresses. In some respects, this behavior is 
similar to implanting helium directly into the silicon nitride membrane, because the added 
volume of hexylamine is responsible for the stress. This stress forces a cantilever with a 
conductive coating to bend into contact with an open-circuit wire-pad, thereby short-circuiting it. 
The 3D architecture of the sensor (inspired from the membrane folding work) is a general 
platform for transducing both chemical and biological responses into electrical signals. 
While the demonstration of this new sensor is impressive for its low power-consumption, low 
cost, dynamic output resistance change and high selectivity, opportunities for improvement in 
sensitivity remain. The current prototype, sensitive to concentrations of analyte in the low parts 
per thousand range, is six orders of magnitude shy of its theoretical limit in the low parts per 
billion range. While in theory it is simple to attain this sensitivity by using a longer, thinner 
cantilever with a nanometer thick polymer coating, in practice a cantilever with such a 
dimensional high-aspect ratio may be difficult to fabricate and mechanically unstable. However, 
this is most direct route to improving the sensor sensitivity. Longer term, it may be possible to 
modify the polymer such that its stress response is chemically amplified. I envision this process 
as analogous to chemically-amplified photoresists, except that in this case the triggered chemical 
reaction produces more stress within the polymer. If the polymer chemistry can be engineered to 
produce this stress amplification, the sensitivity could drop to the parts per trillion range. Already 
this sensor has attracted attention from the United States Army and from industry, and with the 
sensitivity improvements described here it may become commercially useful. There are many 
situations it can be used in, from industrial monitoring to individual protection to remote sensing. 
Remote sensing is possible because the sensors are low-cost enough to be disposable. In this 
scenario, one launches a sensor towards a suspected chemical threat (bomb) so that it sticks onto 
it. If the target is “hot,” the sensor replies with a wireless signal. 
Now that planar fabrication techniques have reached the nanometer resolution range, but face 
significant obstacles in achieving even finer lateral resolution, many are looking to build in 3D 
instead. The microelectronics industry is looking at 3D integration as a way to decrease the 
latency between processors and memory [6], and investigating 3D photonic crystal waveguides 
as a way to achieve faster on-chip communication. Researchers outside MIT have begun 
adopting the membrane folding methods presented in this thesis to build 3D negative index meta-
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materials [18]. In this respect, Nanostructured OrigamiTM appears to be a key enabling 
technology for the upcoming move towards 3D nanofabrication. 
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